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NOTICE

This report was prepared ags an account of Governmentesponsored worke.
Neither the United States, nor the National Aevonsutics and Space
Administration (NASAY, nor sny person acting on behalf of NASA:

a. Makes warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness
of the information contained in this report; or that the
use of any information; apparatus, method, or process dige
closed in this report may not infringe privately-owned
rights; or

b, Assumes any liabilities with respect to the use of;, or for
damages resvlting Irom the use of any information, apparatus,

method, or process disclosed in this report.

As used sbove, 'person scting on behalf of NASA" includes sny employee or
conbractor of NASA; or employee of such contractor, to the extent that
such employees or contractor of NHASA, or employee of such contractor
prepares, disseminstes, or provides asccess to, any information pursuant

to his employment with such contractor.
Requests for copies of this report should be referred to:
Netionsl Aeronsutieg and Space Administration

Office of Seientific and Technical Information
Washington, D.C., 20025
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The Manned Spacecraft Center (MSC

sontracted with The
Boeing Company for the development and fabricstion of an advanced

battery energy storasge syvebenm using sil

The

eontract number is HAS on September 27,

1966, and wss completed Ue was the progrem

manager, Sidney Grogs was v, and Bob J. Bragg

£
wae the NASSA techniceal wmonitor.

which

gummarizes the accomplishments.

The objective of this program iz o o8 silver-cadmivn secondary

battery ensrgy atorage regulremsnts of manned

orbital missions of wp to Boeing's major tasks
are:
1)
2]
3}
program for
iwerad,
Ly ternal hest
matteries.
All reguirements of the contraet heve bsen meb or exeseded. Important

work has been completed in jegign, cell venting,
battery packeging, calorim

the battery charge-dis

analysis, and controlling
of these-areas is the
subject of a chapt 1 this finsd crh.  Bach ehapter starts with a
summary of the per ith s
discussion of the



2. PROGEAM ACCOMPLISHMENTS

Pigure 1 showsg the schedule and wmajor milestones for the sccomplishment
of the program tasks. ALl tasks have been successfully completed; and
deliverable ltems have been shipped and recelved st NASA. Table 1 1lists
the equipment which bas been delivered and Table 2 lists the reports

and computer programs which have been delivered.

A1l dellivered ibtems were tegbed at Boeing to assure satisfactory perfore
mance, Batberles functioned satisfactorily ab sach of the orbitel design
conditions, leaving only the 1life reguivements yel to be demonstrabed.
The charge-discharge controller componernts and Instruments vere tested
sepavately, and the assenbled controllsrs vere opersted over s wide range
of conditions to asssure trov

slon.  The calorimeters vere

were checked out, and theilr accurs rified by comparison with

data from laborstory L No problems or deficisncles

are known to exist with any del

The technicsl iltems considered to be wnigue are:
1} Ampere-hour and watt-hour melers.

2} Liguid-vapor se@ar&ﬁiaﬁ » the cells.

3} Battery packagir
yet provides effective heat removal.

L) The heat generation correlation.

5) Calorimeter design and sssccisted computer program
for saalyzing data.

6) The use of & programmer and delay timers to give charge-
discharge coptrol flexibility.
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ITEM NUMBER
1 8
2 2
3 2
b 2 Sets
5 L
6 2
T 2
8
9
10 1
11 1 Roll
12 1 Roll
13 1
1k 2 Sets
15 1 Jar
16 2 Sets
17 1 Lot

TABLE 1
EQUIPMENT DELIVERED TO NASA

DESCRIPTION PART NO.
Batteries 25-60600=1
Charge-Discharge Controller 25=60600=2
Cabinets
Calorimeter Heat Exchancers 25-60600=3
Calorimeter Insulated Boxes 25-60600=4
Batiery Cables 25-60600=5
Power Cables 25.60600-6
Temperature Difference Sensor 25=A0600=T
Cables
Temperature Resdout Cable 25=60600=8
Shorting Plug for Connectors 25=60600=9
P5 and P8
Programmer Hole Puncher 25=-60600=10

Programmer Punched Tape
Splicing Tape for Punched Tape
Spare Timer

Matching Connectors

Silicon Grease for Battery-to-
Calorimeter Surfaces

Screws and Washers for Cslorimeter

Hose and Fittings for Calorimeter

10



TABLE 2

REPORTS AND COMPUTER PROGRAMS DELIVERED TO NASA

ITEM

R 06 AV I

DESCRIPTION
Monthly Progress Reports (11)
Mid-Term Heport
Final Heport

Computer Program for Analyzing Bxperimental
Calorimeter Data, with User's Manual and
Test Cases

Battery Thermal Anslysis Computer Program,
with User'sManual and Test Cases

Cell Thermal Analysis Computer Program, with
User's Manual and Test Cases

Instruction Manuwsl, Battery Charge-Discharge
Controller Cabinet

Components Information Manwsl, Batltery Charge-
Discharge Controller Cabinet

Quality Assursnce Requirements and Inspection
Plan for Silver-Cadmium Cell



3. CELL DESIGN AND PERFORMANCE
REQUIREMENTS
Each battery has 28 vented silver cadmium cells. The electrical

performance requirements of the cells are as follows:

1. Nominasl Cell Rating. Cell rating at a C/2 rate of discharge
to an end voltage of 0.6 volts shall be greater than 7O ampere-
hours with cells operating between 60°F to 90°F. At the end of

a T5-percent depth of discharge on this test, battery voltage
shall be greater than 28.0 volts.

2. Cycling Capability. When packaged as & battery of 28 series=

connected cells, the cells shell be capsble of operation under
the following range of test conditions with programmed and
fixed loads:

a) At least 5500 charge/disch&rgé cycies at 25-percent depth
of discharge with a 58-minute charge, 36-minute discharge
cycle.

b) At least 200 ch&rgé/discharg@ cyeles at TS5-percent depth of
discharge with a ten-<hour charge, two-hour discharge.

¢) At least 100 eharge/disch&rge cycles at up to 7S5-percent
depth of discharge on & Sh-hour cycle (22-hour charge, two=
hour discharge) with a widely varying load which includes

maximum-duration peaks of ten seconds at a 3C rate.

3. Cell Voltage. The battery steady-state voltage shall not fall
below 25 volts during the above testing.

The battery is required bto operate in the pressure range of lOm6 mm
Hg to 760 mm Hg, snd in an ambient temperature range of O to 160°F
when mounted on coldplating having a temperature range of 60 to GO°F.

The oblective of this program was to build batteries for lsboratory
testing; the batteries are not required to be flight prototypes.
Battery design was based on vented cells.

12



In oxder to insure meeting the sbove reguirements, The Boelng Company
gpecified careful quality control durdng cell marufscture . A specifi-
cation was written, "Quallty Assurance Reguirements and Linspection Plan
for Silver=Cadmium Cell” {(Reference 1}s The mamufacture OF the battery

cells was controlled by this specification.

The weight snd density of all plates was controlled. Allowsble deviablions

from average veluzs vere as follows,

fegetive FPlate Positive FPlate
(Cadmiva ( 8ilver)

Maximom deviation from
average plabe thickness 3.002 inches 0051 inches

HMaximu devietion from
aversge plate welght

=

pavcant 2 percent

WORK ACCCHPLICHED

]

Cell Uesign. 'The cells were designed with 12 positive plates (silver
oxide) and 13 negetive plates (cadmivm). These plates are 2.313 iuches
by 6.188 inches 1n size. The tobtal aves of the positive electrode of
one cell is 345 squave inches, which providee & maximum charge-current
density of 0.05 amperes per square inch for the 94 minute orbit. The
meximum discherge current density is 0.61 awpevres per sgueire inch at
210 asmperes. The separators are pelion and s modlified celllulose lmown
as C=19,

Yevdney Electric Corporstion was selected bto bulld the cells. Bight
prototype cells were bullt and tested to verify performance. One
problem encountered was maintensuce of voltage during high current
pulses, especially when the high-current pulses were applied to & cell
having & high state of cherge. Low voltege at this condition is
characteristic of the silver cadmium system, and ls due primarily to

& highly resistive layer of argentous oxide (AgQO)ﬁ



Design modifications that would overcome this problem were explored.
These included a 90 degree reovientation of the exuet, use of & thicker
exmet, use of wider tabs from the plabes to the terminals, and the use

of greater plate avea. The design cholee was Lo reovienmt the exmet

90 degrees and to use wider tabs from the plstes to the terminals. Bince
design for large curvent pulses was not g primary objective, sdditlional
changes were not made because they would have compromised the design in

other respects.

The cell case 1s made from a sbtyrene acrylonlitrile copolymer. Although
this meterial is not so good thermally as some other plastics, 1t was
selected because Its transparency is important in guality-control
inspection. Rach cell has g Swagelock fitting for attachment of vent
lines.

Flgure 2 is a phobograg

cage cubside dimensiong are

1.72 inches by 2.81 inches by 7.73 inches,

meassured at twelve locabions timensional waristions

for battery packsging design. yximum varistion was + 3 mils, which

was acceptable for the sdopbed batiery packaging design.

call marmfacture

typleal welght and

within the allowed

tolerances. These records can be used by HASBA to corrslste manufacturing

quality with subsequent performance duving Life testing.

Cell tesgts have verified that the cell cherge and discharpge charascteristics

are sultable for all three slmulated orbits. The criticsl requirement

for charge is the 9 minute orbit; under a charge current of 18.1 amperes,
with a Limiting voliage of 1.55 volts. The

critical requirement for discharge is the 2L hour orbit, where the end-of-

the cells will cycle properly

discharge voltage will be arcund 1.06 to 1.07 volts. Figure 5 shows typical
voltage characteristics during high current pulses in the 24 hour cycle.
Typical voltage-time dats at the ﬁfQ discharge rate is glven in Table 3.



FIGURE 2
VENTED SILVER CADMIUM CELL

15



NUMBER OF PLATES

NUMBER OF PLATES

SPECIFICATION
RANGE

50

40

30

20

i0

S |

0.050 0,052 0.054 0.056 0,058
N INCHES

THICKNESS

30

0060

25

iﬂd—m—— SPECIFICATION RANGE WM%%

20

15

10

s

0
43,0 44,0 450 46,0
WEIGHT IN

47.0
GRAMS

FIGURE 3

WEIGHT AND THICKNESS VARIATION OF NEGATIVE PLATES

16

48.0

439.0

50.0



NUMBER OF PLATES

NUMBER OF PLATES

‘-‘-——- SPECIFICATION RANGE 4’1

60

50

40

30

20

10

o ! e |
0.020 0.021 0022

THICKNESS IN INCHES

iﬂ'SPECiF{CATlON
RANGE

50

40

30

20

10

0 W\
23.00 24.00 25.00
WEIGHT IN GRAMS

FIGURE 4

WEIGHT AND THICKNESS VARIATION OF POSITIVE PLATES
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VOLTS PER CELL

1,0 T T T T ! T T =T T T
i DISCHARGE RATE = 26.5 AMPERES i
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FIGURE 5

SILVER-CADMIUM CELL VOLTAGE DURING HIGH CURRENT PULSES
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Some of the cells received at Boelng were found to have low capacity
(below 70 ampereahours), and hence were not acceptable for use in the
batteries. A test was conducted on one of the rejected cells to deter-
mine the cause of the low capacity. In this test the voltage during
charge of the silver and cadmium electrodes was messured against a
reference electrode ionically connected to the electrolyte through a
salt bridge in the vent port. The test results (Figure 6) showed that
the cell was negative=electrode limited. It is clear that the cadmium
negative electrode is at fault, since 1t is the cadmium and not the
silver electrode potential which rises &t the end of charge. NASA
should be alert to this failure mode should any of the cells in the
batteries being supplied show low capscity during life tests.

Cell Selection and Matching. Closely mstched cells in a battery minimize
out=of~balance cell-voltages at the end of charge. The objective of cell-

matching tests was to cull out defective cells and to divide the good
cells into eight closely matched sets,

Two switch boards were constructed to permit testing 60 cells at one time.

The cells were charged and discharged in series, and individusl cells were

disconnected as they reached full charge or discharge. Bach cell was sub-

jected to the following charges and discharges during forming and matching

tests. The dats from the last charge and discharge were used for the
matching.

1) Formation charge at 5 amperes for 32 hours
2) Discharge at 35 amperes to 0.6 volts

3) Charge at 5 amperes to 1.6 volts

4) Discharge at 35 amperes to 0.6 volts

5) Charge at 5 amperes to 1.6 volts

6) Four 9h-minute cycles, l6-ampere discharge and 9-ampere charge
7) Discharge at 30 amperes to 0.9 volts

8) Charge at 6 amperes to 1.6 volts

9) Discharge st 30 amperes to 0.9 volts

10) Charge at 6 amperes to 1.6 volts

11) Discharge at 30 amperes to 0.9 volte

20
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Capacity was believed to be the most useful basis for matching silver
cadmium cells. We found, however, that although cells of a group have
the same capacity, they will often differ in other respects. Therefore,
some welght can be given in cell matching to these other factors:

1) Charge ampere hours at constant current to & limiting voltage.

2) Capacity at constent current discharge to a limiting voltage.

3) Remaining capacity at discharge from limiting voltage to 0.1
volts.

4) Charge ampere hours at transition from lower plateau to upper
plateau.

5) Upper plateau voltage (mid-range) during charge.

6) Lower plateau voltage (mid-range) during discharge.

Cells can be matched with multiple criteria by assigning a weighting
factor; based on Jjudgment, to each criterion. A short computer program
was written for this purpose, the essentials of which can be described
as follows.

Let the cells be design&ted i; i+ 1, se0ee N; in groups j, j + ], eeooMe
Let matching characteristics of individusl cells be designated A, B, etc.,

with maximum and minimum values of all the cells designated,Amin, Amax’

Bmin’ Bmax’ etc. Assign weighting factors AF, BF’ ete. such that the

spread from Amin to Amax is equal in welight to the spread from Bmin to

Bma.x’ etc. The average values of the characteristics in each group are

Y A
= 4 -
A’-‘- N ,B=otoo ,etCe (1)

Thus, for a particular cell the mismatch of each characteristic can be
represented by

"'1 ] etCe (2)

= 5:»
§
i [w

22



Applying the weighting factors, the mismatch E for any cell can be

represented by
A
min A min
AT'(A ) T l ' BF(§ ax)
max A m
A B
min min
AF(A ) +BF;(B )+ @ L & @
max max
Cells are then relocated from group to group to achieve minimum values
of E.

%’"1‘ + socsoe
B

Matching tests were conducted with commercial silver-cadmium cells, and
it was found that if the largest weighting is given to capacity factors
(items 1 and 2) then the grouping of cells changed very little if the
other factors were ignored. Since large weighting to factors other
than capacity could not be justified, matching was done with 45 percent
wvelghting applied to item 1, and 55 percent to item 2.

As part of the matching procedure,spare cells were provided for esach
group for the event that one or more cells became damaged prior to final
assembly of the batteries. Cells which had apparent or suspected defects
vere excluded from congideration. This included several cells with

demaged cases and others with corrosion at the terminsls.

Table & glves the results of the wmatching tests, showing the cells
selected for each battery, their positions in the batteries, and their
capacities.
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L, VENTING

REQUIREMENTS

Venting of the cells is required to limit ges pressure within cells
during charge and during insdvertant cell reversal. The vent must
maintein a minimum internal cell pressure during operation at ambient
pressures as lovw as 10-6 mm Hg. Pressure-measuring instrumentation is
also required.

WORK ACCOMPLISHED

Gassing Considerstions. As a silver cadmium cell approaches full charge,
some of the current goes into the charge reactions; and some goes into

the production of gaseous oxygen. It was necessary to messure gassing
rates o provide criteria for the ventling components and to establish
the best charge comirol settings.

The setup used in gassing tests is shown in Figure 7. Cells vere placed
in a controlled-temperature water bath, and the rate of gas evolution was
neagured by displascement of oxygen-saturated water in glass tubes. The
tubes were adjusted in height to eliminste pressure differentisls. A
micro-rotometer was used to measure high gas flow rates.

Steady state gassing rates at comstant voltsge appear in Figure 8. These
data show that operation at elevated temperature results in higher gassing
rates, and also causes the onset of gassing to occur at lower voltages.
Thus high temperatures and high charging voltages should be avoided to
minimize gas evolution.

Figure 9 shows transient gassing rates as a cell approaches full charge.
These dats show that to minimize gassing the charge should be terminated
before the current gtabilizes at its lower level.

Uperation of a batiery at low pressure is expected 1o ceuse gasaing

to start at lower voltage. The magnitude of this effect was calculated.
Assuming 3.5 psie in the cell, the calculation showed that gassing will
start at 0.01 volts less than at etmospheric pressure.
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The gas evolved at the maximum voltage used in the gassing tests (2.12
volts) was analyzed in a high resolution mass spectrometer, and the results
are shown in Table 5. As expected, the evolved gas was mostly oxygen, with
only traces of other gases. No hydrogen was present. It is concluded;
therefore, that venting of normal silver cadmium cells to the interior of
a spacecraft does not create a health hazard. Further investigation may

be warranted to ascertain hydrogen evolution from degraded cells.

Design Concept. The adopted cell venting system is shown in Figure 10,

All 28 cells are connected to a common manifold having a single pressure
relief valve. A removable CO2 scrubber protects the relief valve from
carbonate formation during storage, and a filter protects the relief

valve and the pressure transducer from inadvertent contamination.

Two ltems in venting are critical. One ls the separation of gas from
liquid in the cell, to prevent liquid carry-over into the manifolding. The
other is the reliability and performance of the pressure relief valve.

These two items have been resolved during investigations summarized below.

Liquid Vapor Separation. Flight-qualified vented batteries will reguire
a means to separate liquid and gas during venting. Though beyond the

scope of this program, an attempt wag made to see if a simple device could
be incorporated into the vent port to achieve this separation at very low
gravity. Theoretical studies showed the possibility of using the low
wvettabllity of teflon to achieve phase-geparation. Various types of teflon
and other materials were therefore acquired and tested for ability to

separate gas from liquid. These studies and tests showed that:

1. Liquid carryover by gas during venting under gravity conditions
is not expected to be a problem, since carryover occurs at vent
rates approximately six times higher than the maximum vent

rate expected.
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TABLE 5

SPECTROSCOPIC ANALYSIS OF EVOLVED GAS DURING OVERCHARGE

Molecular Approximate

Weight Gas Quantity Comment
15 CHh " 8light Trace *
18 H0 - Nearly Saturated Expected
20 Ne Very Slight Trace Atmospheric Tract
28 Ny Less than 1% Diluent Gas
29 CQHu Slight Trace *
32 0, Almost 100% Expected
33 016 17 Very Slight Trace Natural Isotope
34 016::018 Trace Natural Isotope
Lo A Slight Treace Atmospheric Trace
41 Hydrocarbon | Very Slight Trace *
43 Hydrocarbon | Very Slight Trace *
Lk co, Trace

# Possibly from Apezone grease or Tygon tubing
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saration device should be used to trap fine

mist, and o contine the electrolyte during occasionsl

gloshing or splashing.

3. Fhase separvstion under gravity conditions ls evhanced by incressed

gpacing of the vent gbove the liguid level,

L., Teflon vepels KOH soclution well enough to show promise as

8 liguidegas separetion mechanism in very low graviby.

Based on thess tests, s cellevenit was designed to pass gas veadlly vet
restrict the flow of potassium hydroxide solution (KOH). The vent

consists of &8 porous teflon-felt disc with a compresslon seal nesy 1is
oubside edge. Liguid cennot pass avound the edge of the disc, and the

none-yetting charecteristic o fion inbhibits Liguid escape. In tests

with cells inverted for one pregsure, no liguid KOH would pass

through the vent. It appears i ign can be sdapted for

venting cells in

srogran was achieved by appropriate

=1, and by the use of bteflon felt

Presauve Heliei Valve., A sesyeh for a

preagure relief valve resulted

in the choize of & James Pond and Clark "Clrele<Sesl” pressure vellef

valve. This wvelve had been L oon seversl prioy spsce progrems. This

valve was tested Tor

conditions, Figure 11 shows
the test seb-up used. Air wse scrubbed of C@?f and then bubbled through
a KOH golubion to simulste mist pleked up during gessing.

In the firat test, the sensltivity of the valve to carbonate formstion was
determined. The valve wag subjected to repested opening and closing, and
no 602 scrubber was used. Heactlon

potassium hydroxide csused potassium carbonste 4o form within the valve,

of atmosvheric carbon dioxide with
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The initial effect was increased lesksge., As potassium carbonate built up,
however, the valve would cccaslonally stick shut. Once the opening pressure
increased from 1.2 psig to 8.1 psig. From this test it was concluded that
the valve should be protected from carbonate formstion; therefore s removable
cannister containing B&(OH)2 is used for COE removeal,

In & second test we measured the leskage of 8 new valve in & simulsted

life test. KOH corrosion was accelerasted by prior immersion of the

valve in a KOH solution at 130°F. After ten days, the valve housing

was mildly etched, and the grease in the "0" ring seat had dissppeared.

The "0" ving itself did not appear to be affected. This valve was then
tested for leskege in the test setup shown in Figure 11 , with the 062
scrubber installed. Consistent leskege 414 not appear until spproximstely
three psig was reached, although occasional leakege was observed &t

lower pressures. Flgure 12 shows the highest leskage rates measured.

A reasonable annusl oxygen loss in one cell is 1860 cc of gas per year,
which corresponds to the elsctrolysis of 3 ce of water. IT one valve
per cell is used, the maximum expected leaskage is significantly less than
1860 cc per year, as shown in Figure 12 . Since one valve will be used
to vent 28 cells, the design margin is so large that lesksge should not
be a problem.

A concern with the pressure reliel valve was whether it would pass gas
easily enough to prevent significant pressure rise in the cell. Flow
characteristics were therefore tested, and the results are shown in
Figure 13 . Using gess evolution test date as a basis, an estimete was
made of the maximum gassing rate that could occur, which is also shown in
Figure 13 . It was concluded that the maximum pressure in the cell would
not exceed L.k psig.
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5.0 BATTERY PACEAGING

REQUIREMENIS

The batteries built on this contrasct are for laboratory use, and are

not to be flight prototypes. To weet the requirement of 28 volts

minimum, we chose to use 28 cells, each of which generates slightly

over one volt under critical load. The temperature of the battery is
controlled by & HASA-furnished supporting plete which will be

maintained between 60°F and 90°F. The battery package must provide

for venting of the cellg, and must also include instrumentation to measure

temperature, pressuve and volbage of the cells.

Thermel considerations were lmportant in designing the battery package.
The thermsl deslign objectives were:

1. Limit battery interunal tempersture. Since the cold plate can

be as hot as 90°F, it would be possible for a poorly designed
batbery to have excessive internal temperatures which shorten
life.

N

Obtain uniform cell-to=cell temperatures. Some of the batiery

package designs consldered would have permitted cenbtrelly located
cells to become hotier than periphersl cells. The objective of
balanced cells can be met only if gll the cells are at nearly the
same temperaiure.

3. Obtalpn uniform temperature within cells. All the plates in a

cell should come to full charge at the same time, the current
denszlty should be uniform, snd maberisl should not migrete.
These objectives are approached only if temperature gradients

within cells are limited.

WORK ACCOMPLISHED

Thermal Design

A detsiled therms]l snalysis of a single cell was made to determine the

best method of removing internally generated heat. This analysls was
based on & I-dimensional hesat transfer wodel of a rectanguler cell with
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exterior dimensions of 1.75 in by 2,81 in by T7.25 in, excluding the
terminals, which are on the smellest surface and on the top. 4 cell

is composed of 25 plates in a styrens case. Hach plate Was represented
thermally by 20 nodes, resullting in s 530-node model for the cell,

Thermal conducltances yere then calculsted.,

Six hesb-transfer conditions were anslyzed to determine the basic limitatlions
on temperature conbtrol imposed by characteristies of the cell itself:
1. One face isothermsl {(2.81 in x 7.25 in surface)

2. One edge isothermsl (1.75 in x 7.25 in surface)

3. Bobtom isothermsl

Y. fTerminals iscthermal

5. One fece and bottom ilsothermal

6. One face, one edge, and bottom isothermal

The iscthermel surfaces were hest [O°F., Figure 14  gives

the resulting temperature p bers of the two faces.

&

gingle gurface for hest removal 1s the face,

Results show that the best

iy

followed by the edge, bolion, snd terminale, in that ovder. Thevefors,
furthey heat removal sbtudiess and packapglong concepts were based on the use

- than on the use of the termminals.

of exterior surface

One possibls hesi-removal concepl used the cell bobtbom surface and fins on
the two faces. Resulis of an snslysis of this approach are given in Figure
15 for 0.080 in. and 0.080 in. fins. The tempersture gredients are small
for both fin thicknesses., Further calculastions have shown that diminishing
returns are obtained from fins thicker than 0.040 in. For example, going
from 0.040 in. to 0.080 in. fin thickness reduces the average temperature

rise by only S5°F from 22°F,

Using the single-cell thermal anselyses as & basls, thermal performance

guldelines were esteblished o aid in selecting the finsl packaging design.

These guidelines are shouwn in Table §.
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TABLE 6

GUIDELINES FOR BATTERY CELL THERMAL CONTROL

CELL COOLING APPROACH

THERMAL PERFORMANCE

Une Surface

Terminals
Bottom
Edge

Face

Two Surfaces

Edge and bottom

Face and bolttonm

I

Face and edge
Two edges
Two faces

Poor, unacceptable

Three Surfaces

Two edges and bottom

One face, one edge

Two edges, one face
Two faces and bottom

Two faces, one edge

Fair, acceptable

Four Surfaces

Two edges, one face
and botiom

Two faces, one edge
and bottom

Two edges, two facesn

Five Burfaces -

Two edges, two fmces
and bottom

i

Good, acceptable




Material Selection

The major functions of the package material are to conduct heat and
provide mechanical support with low weight. The spectrum of possible
materials was narrowed to the msgnesium and aluminum alloys in Table 7
which also shows their thermal characteristics. Constant weight is
believed to the more applicable of the two comparison criteria, and on
this basis the masgnesium alloys are generally best, although there is
8 wide spread Eetween the best and the worst magnesium alloys.

Magnesium was selected for packaging. Advantages of magnesium over
aluminum for the battery case and heat transport fins are:

1. Higher strength-to-weight ratio.

2. Higher thermsl conduction per unit weight.

3. Greater resistance to potassium hydroxide (KOH) attack.

b, Closer match in thermsl expansion with cell case.

The disadvantages of megnesium are:
1. Corrodes easily, and the required corrosion protection
mey increase the thermal resistance between cells and the
cold plate.
2. Fabrication is sometimes difficult and costly.
3. Long delivery time is involved in acquiring some sizes and alloys.

Initial inquiries on the delivery time of magnesium alloys showed that
excessively long delivery would be encountered for anything other than

thin sheets. Therefore, methods of protecting aluminum from KOH were
evaluated to determine if aluminum could be a suitable backup. Tests

with a two-step protective coating (BAC 10-16B) showed that good resistence
to KOH is achieved if scratches and nicks sre absent. This suggests that
sluminum could be used if necessary, since KOH would reach the aluminum only
in the event of simultaneocus cell-cage failure, adhesive parting, and

damage of the protective coating.
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TABLE 7
THERMAL COMPARISON OF MAGNES UM AND ALUMINUM ALLOYS

Constant Constant
Thickness Weight
Density Comparison Comparison
( e ) Thermal
HMaterial Conduc- Relative Relative
3 tivity (K) |Standing| K/©° Standing
1b/in BTU/sec,in, °F

AZ 31B 0.064 1039 x 10"6 10 1.62 x 1072 12
Magnesium M 21A-T5 0.06k 1828 x 10°6 2 2.86 x 1072 1
Alloys HK 31A-H2h | 0.065 1520 x 1078 8 .34 x 102 5
M1A 0.065 1780 x 10’6 3 2.68 x 10°° 2.
ZK60-T6 0.066 1630 x 10“6 5 2.47 x 1072 3
7ZK60A-T5 0.066 1575 x 1of6 T 2.39 x 10"2 i
ZE10A 0.066 1470 x 10“6 9 2.23 x 1072 T
201L-16 0,101 1620 x 10"6 6 2,05 x 1072 8

-6 -2
Aluminum 202h-13 0.101 1620 x 10 . 6 1.60 x 10 \ 13
Allo 2024-Th 0.101 1620 x 10~ 6 1.60 x 10° 13

e -6 -2
2219-T6 0.102 1740 x 10 3 1.71 x 10 9
6061-T6 0.098 2240 x 10”6 1 .08 x 1072 6
7075-T6 0.101 1680 x 10°° I 1.66 x 1072 | 11
TOT9-T6 0.099 1680 x 10”6 b 1.70 x 1072 10
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Magnesium of adequate thickness did become gvallaeble in time, however,
though not in the preferved alloys. AZ 31B is the alloy used for the
battery package. The preferred alloy wase HM 21A-T5, but this slloy
could not be obtained in time.

An adhesive is used to thermally sand mechanically bond the cells into
the battery box. Properties regquired of this adhesive are:

1. Inert to KOH

2. Inert to magnesium alloys

3. High thermasl conductivity

k, Low outgassing

5. Low viscosity for assenbly with thin bonding joints

6. High shesr and tensile strength, but low peel strength

to permit disessembly
7. Good Fflexibility

Many adhesives were tested. The adhesive finally selected was Boeing
formula BMS 8-68, which ig a catalytically cured silicon rubber.

Battery Package Design
Twenty-three packaging designs were conceived, studled and evaluated.

These concepts differed in geometrical layout, strucbural srrangement,

manufacturing technigue, and thermal effectiveness as shown in Table g

In eveluating these desligns, substantisl welght was given to heat-transfer
considerations. Table 9 summarizes the evaluation of battery packaging
designs. This evalustion showed the best choice to be concept 6b which

was then developed in detall, using a mockup as an gid.

Figure 16 is a photograph of the empty battery case, a drawing of which
appears In Figure 17 and 18. Figure 19 1s a photogrsph of the
assembled battery package, for which a drawing is given in Figure 20.
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Weight of each battery less instrumentation is spproximately 114.5
pounds with a weight breakdown shown in Teble 10. This exceeds

the design objective of 85 pounds, primarily because the cells were
designed to provide more than the minimum of 70 ampere-hours
capacity. A flight-welght version of this batiery is expected to
be approximately 10l.4 pounds, with most of the weight saving in
the battery case. Power density of the laboratory and flight

versions is at least 17.1 and 19.3 watt<hours/pound, respectively.

Some of the design features are:

1. Cells are leid out in a row two cells wide and 14 cells long.

2. Metal fins are located between each pair of cells.

3« Each cell is cooled by conduction from two faces, one edge,
and the bottom. BSurfaces not cooled are the top and the
gecond edge.

b, Megnesium 1s used throughout except for the two high end-

pieces, which are non-metallic.

Instrumentation

Twelve copper constant thermocouples, terminating at a connector are
ingtalled on each battery for bewperature measurement. Additional thermo-
couples are installed on three batteries for calorimetry tests. Thermo-

couple locations are shown in Figure 21,

Gas pressure in the vent line of each battery is monitored by one
absolute-reading pressure transducer. The pressure transducer is
resistant to KOH, but a filter is also used to isolate the transducer
from KOH mist in the vent line. The transducer clreuit is brought to
terminals at a connector on the battery casse. Awm amplifier in the
charge~discharge controller casbinet converts the pressure transducer

output signal to & reading on a panel instrument.

The pressure transducers and thelr sssoclated circults were calibrated
with a secondary pressure standsrd having an accuracy of £ 0.05 percent.
Regﬁlated dry nitrogen ges was used as a constant-pressure source; and &
Wiancko pressure standerd was used for pressure measurements. The elec-
tronic cireult description and calibration results are given in
Reference 6.
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TABLE 10
BATTERY WEIGHT BREAKDOWN

Postulated
Flight
Design of
NAS 9-64T0 NAS 9-64TO
Battery™ Battery”
28 Cells 92,07 88.00°
Battery case 17.52 9.50
Vent plumbing 0.57 0.30
Cell connections 3.01 2.00
Power leads and fitting 0.6 0.26
Adheslive G.90 1.00
Plastic cover - L 0,30
TOTAL 11k, 53¢ 101.36°

BJeight of instrumentation not included
bModificaticns to cell cases only
“Weight of 6.28 1b cover not included

M 14 mam power density is 17.13 watt-hours/1b based on
minimumms of 28 volts and 70 ampere-hours.

Mindmum power denslty is 19.3 watt«hﬁurs/lb based on
minimums of 28 volts and 70 ampere=hours.
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Individual cell voltages can be monitored through a connector on the
battery. Total battery voltage is cbtained from the sppropriate celle
voltage leads. Two additional voltage leads are brought out from the
battery for sensing battery volitsge at the power supply for charge-
control purposes. These leads are shielded.
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6.0 THERMAL ANALYSTS
REQUTREMENTS

A contract requirement is & detailed thermal analysis which will predict
accurately battery heat generation and temperature over a wide rangs of

operating conditions. A compubter program for performing the thermsal anaslysis
is to be delivered.

WORE ACCOMPLISHED

Three methods of predicting heal generation were considered, and the enthalpy
voltage method was selscted., Experimentsl correlatlons of heal generstion
were obtained using this method, and two computer programs were written for

predicting temperature. (ood agreement was obbtalined bebween predicted and
measured temperabures.

Approaches to Heat Generabion Correlation. A generalized method of heat

generation correlatlion ls necessary for predicting accurately heat generation

over a wide range of operating conditions. These three approaches were
evaluated for this purpose:

t. Factor analysis method
2. Watt-hour efficiency wmethod
3. Enthalpy voltage method.

Advantages and disadvanbages were found for each method ag discussed below.
Watt-Hour Efficiency Melhod. It is sometimes desirable to estimate heat

generation even though very little experimental data is avallable. The power
to be delivered is frequently the only well known entity, and a total hesat

loss prediction is often acceptable. For such applications, watt-hour effi-
ciency is a good basis for estimating the heal generated. The total heat loss
for a charge-discharge cycle may then be determined from the efficiency and
the energy delivered,
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The equations and nomenclature used with this method are as follows.

Repetitive charge-discharge cycling is assumed.

Q = total heat generated in a charge-discharge cycle (watt-hours)

Q, = total heat generated during charge (watt=hours)

Qd = total heat generated during discharge (watt-hours)

Wd = battery energy output during discharge (watt-hours)

W, = battery energy input during charge (watt-hours)

7 = watt-hour efficiency (discharge/charge)

7% = watt-hour charge efficiency (stored energy/total energy supplied)
nh = watt-hour discharge efficiency (recovered energy/stored energy)

The heat generated over a full cycle is then

a = (1) w, ()

Typical experimental data on watt-hour efficlency are given in Figure 22,

Partition of generated heat between the charge and discharge regimes can be
determined experimentally. In tests over a wide range of charge and discharge
rates the ratio Qd/Q was found to be approximately 2/3. Alternatively,
spproximations may be obtalned by crosseplotting watt-hour efficiency data, and
neglecting the small thermal effects due to entropy change. The equation
relating charge and discharge efficiencies is

1=y (5)

The heat generated during charge and discharge, respectively, is approximated by

)
q =(1- 2w, = W (6)
and
| ==
Q= ——2 W, (7)
"



WATT-HOUR EFFICIENCY

0.8

0.7

0.6

BASIS —
® YARDNEY YS$S-70 CELL
® CHARGE BY CONSTANT CURRENT, LIMITING VOLTAGE
® MAXIMUM CHARGE CURRENT FROM 3 TO 16 AMPERES
@ TEMPERATURE FROM 45°F TO 125°F

10 20 30
AVERAGE DISCHARGE CURRENT — AMPERES

FIGURE 22
WATT-HOUR EFFICIENCY OF SILVER CADMIUM CELL
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The main advantages of this method include:

1. It produces preliminary design data rapidly.
2. It is an easy way to compare different cells and differemt design

conditions. The heat-generation prediction can be provided in
parametric form.

The disadvantages of this method are:

1. Total heat generation, rather than the instantaneous heat generation
rates is predicted. Anslytical procedures could be developed,
however, to extend the method to imstantaneous rates.

2. 8ince the calculation is empirical, the experiments may have to baz
repeated for each cell design of interest.

3. Increased polarization or ohmic losses as the battery ages will
alter the results.

Factor Analysis Method. Factor analysis is & statistical approach that can

be used to identify the main factors involved in heat generation. A postulated
mathematical equation conteining functions of candidate factors is tesied for
its ability to define heat gemeration. Test data are fitted to this equation
by statistical methods, and the main factors involved are then identified. A
power series is one of the common equations postulated, and best-fit values

for the constants constitute the final results of the analysis. A set of
constants so derived can be applied only to one design.

A typical equstion used with this method is developed as follows. Define
independent variables Y1, Yg, cesessssas Ym. Define dimensional constants
Cys Cps secoscase e Let g equal the instantanecus rate of heat generation.
Assume s pover series model having up to the fifth power for each independent
variable, The resulting equation is

2 3
q = <, + 02Y1 + c3Y1 + ch1 4+ ¢

L 5 2
SY‘ + C6Y1 + c7Y2 + C8Y2

5
AIETTRRTTRRIE A o4 (8)

in wvhich n= 1 + 5m.
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The following variables sre considered to be importent for a repeating

charge-discharge cycle.

1. Charge current
2. Charge duration
3. Limiting voltage during charge
4. Temperature during charge
5. B&tate of charge during charge
« OState of charge during discharge

. Discharge current

6

7

8. Discharge duration

9. Temperature durlng discharge
0

« Number of charge-discharge cycles in the battery's history.

The main advantages of this method include:
1. The importent factors influencing heat generation can be
identified.
2. This spproach can be uged to predict voltage as well as heat

generation.

3. Chemically gensrsted hest while on lnsctive stand can be accounted
for.

k. The results asre empirical, and require & minimum of understanding
of the electrochemical processes involved.

The main disadvantages of this method are:
1. The analytical model is an assumed one, and it may not closely
represent the actusl cell behavior. Interactions between factors

can be particularly difficult to evaluate.

2. Many test runs are required before the numerous constants can be

evaluated.

3. Since the results are ssplrical, the experiments may have to be

repeated for esch cell design of interest.



Enthalpy Voltage Method. The enthelpy voltage method of heat generation

prediction is derivable from thermodynamics. It is based on the theory that
the heat generation can be determined kunowing only cell current, cell voltage,
and a term called enthalpy voltage, which may be determined either experi-

mentally or theoretically. The eguations used with this method are as
follows:

The enthalpy change during a cell reaction is the change in chemical energy
content due to the altered chemical composition. The electrical energles
withdrawn during discharge and delivered during charge are the time integral
products of voltage and current. The difference between them isg the energy
loss which appears in the form of hest. Thus for one mole

Q = OH - fEidt for discharge (9)
and Q = jfgiat - OH for charge (10}

vhere § = total heat generated
ol =  enthalpy change foy the reaction
i = current
=  volbtage at terminals

t = tinme

Charge and discharge are best accounted for by assigning current s positive
s8ign on charge and 2 negetive sign on dlscharge. The problem of correct

units is best handled by expressing the enthalpy change as a voltage. Thus,

V OH
= 11
Eq 75 (11)

vhere
EQE = Enthalpy voltage, the voltage corresponding to

the heat of reaction of the cell charge-discharge
reaction

b3
#

The number of electrons per molecule reacted
¥ = & Farsday
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The heat generation rate for a single electrochemical reaction can therefore
be written as

g = i (E - EAH) (12)

vhere
g = instantaneous heat generatlion rate

Equation (12) sssumes only one chemical reaction, with the temm E,, constant
throughout charge and discharge. Under practical operating conditions, the
heat genswrabion rete expression must also account for mixed potential zesciions
and spoutanscus reactions. If we assume n simulisnecus electrochemieal
reactions, then current may be partitioned between the reactions, and the

heat generated is as follows.

L W I ] W : PR B I L Y
g = ai (E Lwyﬁ} + bi (B ‘%z’g%z@}‘}‘ e o« o« +ui (B lZ}H?n; T, (13)

where
2+ b+ . Fn = O

Ypen = the heal gemeysbed by svontansous veactlons
An accuraste prediction can be obtalned by determining the coefficlents in
equation (13} and using theoretical values for the several enthalpy voltages.
If the exact reactions and curvent distribubtion in these resctions are wot

known, then an effzctive enthalpy voltage may be defined as follows.

q
) , chen
By, = &Eggﬁﬁ + hggﬁyb oo .+ nEAH;ﬁ + -3 (1k)

This effective enthalpy voltage, to be used in egquation (12), may be deter-
mined experimentally. If determined accursbely emough, the data can be used
to help defiue the reactions or yates of individual resctions.

The maln advantages of this method are:

1. The correlstion iz directly related Lo battery chemistry
processes, snd the resulis have electrochemical significance.

62



Phe correlation

(=N
%

gimple and encompasses a wide spectrum of

operating conditions. Experiments conducted on one cell

size or design will often have appllicabllity to other slizes

oy designs.

The incresse in polarization or ohmic losses as the battery

ages will not alter the validity of the correlation.
Improvements in the knowledge of cell resctions can be used

to improve heat generation predictions.

In o mized-potentisl chemical system, the heal generation
correlation will provide useful information on the relative

rates of the compebing resctione.

The mein disadventages of this method sre:

1.

i)

At low curvente, the caleulation reguires the difference of

two pumbers T

F
i
o
&
@
ot
%ﬁ
i

: when Lhe hest genervation due to

i a large fraction of the
primeary sllver-zince cell can

generate o s zble amount of hest with no

curvent Tloviog.

Dats on cell voltage is needed, in addibtion to the enthalny

voltage, bo predict heal gensratlon.

The enthalpy volbage mebhod was selected for this program. Heat generation

tests were conducted and the resulis were corvelated by thisg method. In

addition, the theoreticel enthalpy voltages shown below were calculated for

the dominent reactiops in a silver cadmium cell.

Lower Voltage Level

Shg + 6&{@%}?

Ag,0 + Cd + H0 {15)
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Upper Voltage Level

charge
e
Ag 0 + ca(oa)2 Ag0, + Cd + HO (16)
discharge
E = 1.431 volts

OB

Other reactions of interest in the silver cadmium cell and their calculated
enthalpy voltages are as follows.

Ag0, + 2hg —= 2Ag 0 (17)
Epyg = 1.181 volts
hg 0, —=Ag 0 + 1/20, (18)
E g = 0-055 volts

These reactions occur during both charge and discharge. Their reaction rates

are not well known.

ca(og)g ——e 4 + 1/2 0, + B (19)

EAH = 1.408 volts

This gas production reaction occurs as the cell approaches full charge, and

is of secondary importance in its effect on heat generation.

Heat Generstion Test Method. Thermocouples were installed on a Yardney silver-
cadmium (YS 70) vented cell. The cell (Figure 23) was then completely
encapsulated in waterproofed insulating foam, and the encapsulated assembly

was placed in a controlled-temperature water bath. Temperatures, charge and
discharge currents, and voltages were continuocusly monitored as the cell was
cycled through charge and discharge.

The instantaneous heat balance of a cell can be expressed as:

a7
=k (T=T7T)+W ¢ =
8 ¢ ¢ 4dt (20)



CELL
YS 70 - 3
a 1.40 in.
DIMENS | ONS b 3.63 in.
c 5.98 in.
AMOUNT OF SILVER 293 grams
AMOUNT OF CdO 395 grams
ELECTRODE AREA 225 1in.
WEIGHT 2.51 pounds
FIGURE 23

SILVER CADMIUM TEST CELL
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where

g = the rate of thermal energy evolved or absorbed by the cell

k = the equivalent thermal conductance from the cell to the
heat sink

= the cell temperature

8 = the sink temperature

the weight of the cell

= gpecific heat of the cell
time

o = +3 3
[}

Thus, if the thermal conductance and the thermal capacitance are known,
then the heat generated by the cell can be determined from the time-
temperature plot, obtained as the cell is cycled through charge and discharge.

The average specific heat of the cell for use in equation (20) was measured
by observing the temperature rise with time of an electrically-heated
insulated cell. Errors due to heat exchange with the environment were
minimized by placing the insulated, precocled cell in a constant-temperature
water bath, and then detemining the temperature-time slope at the point
vhere the cell temperature is equal to the bath temperature. Test results
(Figure 24) show that the average specific heat is 0.24 BTU/1b, °F. This
value is in good agreement with the specific heat obtained by summing the
specific heats of cell components.

The thermal conductance of the insulating encapsulant could not be measured
directly or accurately calculated. However, this term was obtained
indirectly from test data by using the following reasoning.

If the heat-balance equation ias integrated over a complete charge/discharge
cycle requiring a time tc and if the themmal conductance and capacitance
are congtant, then the following expression is obtained:

& t 8

c Cc

f qdt = k f (T - 1) dt+ (WC) f ar  (21)
o} 0 Ti

where Ty and Ti are final and initial cell temperatures for a cycle.
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AVERAGE SPECIFIC HEAT - BTU/LB, °F

0.25

0.24 —_——— e o—

0.23

0.22

0

0.21

0.20

! g
J

0] 0.5 1.0 1.5 2,0
HEATER POWER - WATTS

FIGURE 24
SPECIFIC HEAT TEST OF 70 AH SILVER CADMIUM CELL
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The total heat generated within a cycle is equal to the difference between

the electrical energy in and the electrical energy out, or:

c tc
f gat = f Ei at (22)
&) (o]

Note that the sign of "i¥% will be positive during charge and negative during
discharge.

t
(]

f Bidt=k(T-T)e, + (we )(-1,) (23)
[o]

where f; and T are the average temperatures of the sink and of the

cell for a cycle, respectively. The temperatures and the themmal capacitance,
as well as the quantities in the term on the left side of the equal sign in
equation (23) were obtained from test data. The thermal conductance was
calculated by solving equation (23) for k.

Experimental Correlation of Heat Generation. Heat generation tests were

conducted for a wide variety of conditions, as summarized in Table 11.

The tests produced heat generation rates that could be predicted by using
equation (12). Although the variables tested had significant effects on

the rate of heat generation, the effect on the correlation was only secondary.
Typical test results are shown in Figure 25 for charge and discharge.

The greatest difference between predicted and measured heat generation on
an instantaneous percentage basis occurred at the end of charge. However,
the absolute error in heat generation was small since the end-of-charge
current was small.



TABLE 11

* TO LIMITING VOLTAGE

69

HEAT GENERATION RUNS

CHARGE DISCHARGE CONSTANT BATH

RUN - CURRENT (CQ) TEMP

CURRENT TIME CURRENT TIME OR RESISTIVE oF ’

(AMPS) (AMPS) LOAD (R) (°F)
1 L 20 hrs 3.5 1188 min ce 65
2 b 20 8 480 ce 65
3 b 19 16 2o ce 65
L L 19 20 180 cc €5
5 L 19 30 120 ce 65
6 8 10 16 240 ce 65
15-1 12 58 min 15 36 ce 65
-2 12 58 15 36 ce 65
=3 12 58 15 36 ce 65
16-1 12 58 15 36 R 65
-2 12 58 15 36 R 65
-3 12 58 15 36 R 65
17-1 15 58 20 36 ce 65
-2 15 58 20 36 ce 65
=3 15 58 20 36 ce 65
18-1 8 58 10 36 ce 65
-2 8 58 10 36 ce 65
-3 8 58 10 36 ce 65
19-1 8 58 10 36 R 65
-2 8 58 10 36 R 65
-3 8 58 10 36 R 65
20-1 4 58 6 36 ce 65
-2 L 58 6 36 ce 65
-3 4 58 6 36 ce 65
21-1 4 58 6 36 R 65
-2 L 58 6 36 R 65
-3 N 58 6 36 R 65
22-1 b 58 6 36 ce 32
-2 L 58 6 36 ce 32
-3 b 58 6 36 ce 32
23-1 15 58 20 36 ce 32
-2 15 58 20 36 ce 32
-3 15 58 20 36 cc 32
olel 5 10 hrs 15 2 hrs cc 32
-2 5 10 15 2 ce 32
=3 5 10 15 2 ce 32
25=1 5 10 15 2 R 32
-2 5 10 15 2 R 32
-3 5 10 15 2 R 32
26-1 5 10 15 2 ce 65
-2 5 lo 15 2 ce 65
-3 5 10 15 e ce 65
27-1 5 10 15 2 R 65
-3 5 10 15 2 R 65




HEAT GENERATION (WATTS/CELL)

21 AMP
DISCHARGE

\
A
i

4 AMP CHARGE

"0 02 4 6 8 10 12 14 16 18 20 22

TIME (HOURS)

FIGURE 25

TYPICAL HEAT CENERATION TEST RESULTS
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The correlation of the enthalpy vol

during charge is summsrized in
1 data is ghown by the solid

line, and the theoretical values are also shown for comparison. The major

Figure 26. The best f£it of the

difference between theory and experiment iz that the experimental results
show a gradual increase of the enthalpy voltsge with time when on the
upper plateau.

For discharge, the correlation results in an enthalpy voltage of 1.43 volts
for the upper plabesu, 1.30 volts for the lower plateaw, and an empirlcal
function between these values to bridge the transition between upper and
lower plateaus. Typlcal enthalpy volbage data is given in Figure 27. The
begt fit of the experimental dabta shown for the transition reglon is
recommended for use in making analytical predictions. In using Figure 27,
correlation time zerc must be metched with the onset of the lower voltage-
plateau.

E

Temperature FPrediction. ature of the batiery is predicted by

means of an analyvtical nebwork model of the real battery, solved with a
digital computer. The model consiste of Lumped-mass nodes, heat sources
at the nodes, and radiation and soild conductors between nodes. The egua-

tion which 1z solved by

+ T ‘v o |
’fji = 2, ﬁji ;fi - ’f}} + :}i j (2’%‘)
J

&

+ 4 s o
where Ti is & byoicel node { with heat transfer

to j other nodes. The present bemperature is T,, Gthermsl capacitance is

g;?

Ci’ heat sources are designated 8 conductors are K,,, and time is ti.

1’ Ji
Knowing the present temperatures, this equaltion 1s applied to each node

to yield new temperstures for the complete netvork.
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EFFECTIVE ENTHALPY VOLTAGE — VOLTS

O RUN No. 15
- i - —+0O RUN No. 16 —{ - |-—
A RUN No. 17
e R Bt - - —+< RUN No. 18 ———{ ——
- O RUN No. 19
1.50} -+ et A et b TV RUN No. 20
¥ RUN No. 22
- - - ——1® RUN No. 23
X X
Vi s 4> eW | R T T - T -
.) _r\.]:z - A us T T -
L XR AL
140 8
i 11 O\ b _
Qs\ )%
p @ | ® V’L
v v T
y .% L .1 N G
Fa X b 3_
A Y el ®
1.30 Ty TTTYT (} < j ‘. . fi .
I B \V/ o Vo)
m o y 2]
1.20 -
L.
-16 -12 -8 -4 0 4 8 12 16 20 24 28
TIME FROM ONSET OF LOWER VOLTAGE PLATEAU —MINUTES
FIGURE 27

CORRELATION OF HEAT GENERATION ENTHALPY VOLTAGE DURING DISCHARGE
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In order to obtain thermal conductance data, tests were performed on a

TO ampere-hour silver cadmium cell. The cell was placed in series with a
meterial of known thermal conductivity, and the temperature gradients were
compared. Figure 28 shows the test arrangement. Plexiglas Type 2 was
chosen as the comparison material because its thermal conductivity is in
the proper range and is known accurately.

Teat results show that the apparent themmal conductivity parallel to the
plates is 0.42 BTU/Hr, ftz, *F/ft; perpendicular to the plates the conduc-
tivity is 0.27 BIU/Hr, f‘tz, °F/ft. Results were found to be the same for
both a charged cell and a discharged cell, within the experimental error.
Algo, the experimental results showed fair agreement with theoretical
predictions, which gives confidence in the method being used.

The temperature prediction analysis has been used to provide design criteria
for battery packaging, as previously discussed. For that analysis, a
preliminary model of a single cell was postulated. The analysis produced
the data shown in Figures 14 and 15. A refinement of that thermal model
was used in the final temperature prediction program.

Thermal Analysis Computer Programs. Two computer programs have been created

for thermsl analysis of silver-cadmium batteries. The programs have been
checked out, verified by comparison with laboratory tests, and are fully

described in References L and 5. One program analyzes a single cell, and
is identified as AS 2747. The other program (AS 2748) analyzes an entire
battery. Both programs are coded in Fortran IV for the SRHJ 1108 computer.

Both programs have flexibility which will pemit in-depth themal studies of
batteries. Physical dimensions and meterial properties can be changed,

ard heat generation can be varied if desired. The primary cooling method is
a cold plate attached to the bottom of the battery case, but radiation and
convection heat tramsfer between the battery case and the enviromment can
also be handled.
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Summsary of Battery Thermsl Analysis Computer Program (AS 2748) The battery
program is a macroscopic analytlcsl model. Tts function is to determine
temperature gradients that can occur in the entire battery packsge. The

computation will show the effects of cell imbalance, non-symmetrical

packaging, and cold plate asymmetry. Cold plate temperature can be varied
as a function of time, with Linear temperatufe gradients pewmitted in both
the length and width direction. Heat generation can be varied from cell to

cell, and physical dimensions and material properties can be changed 1if
desired.

Input data for this program are as follows.
A. Mission-time varying functions. This input iz composed of tables.

1. Enviromnmental temperature - a single time varying
environmental temperature is used for both radistion and
convection heat transfer between the battery case and
environment .

2. Cold-plate inlet temperature - a node corresponding to
inlet of the cold plate can be time varving.

3. Cold-plate temperature gradient - a linear temperature
gradient is provided in both the "length" and "width"
directions of the cold plate. Both gradienis may be
time-varying functions.

4, Heat generated - time varying functions required for this
calculation are current, cell sverage voltage, and

effective enthalpy voltage.

B, Constant -value input functions. Normally these would not be

changed, but they are in "battery language" and can be changed

if desired.

1. Geometry and thermal properties of spacers between cells.

2, Geometry and thermal properties of battery-case sides and ends.

3. Themmal contact resistance between spacers and case bottom.
Thie resistance can be made zero for welded or cast cases
without causing problems with the computing-time step.
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Thickness and thermal properties of the insulation

around the bvsttery, if used.

Cell thermal conductivity in the X, Y and Z directions.

Heat genersted within each cell. This heat generstion

may be uniform or may vary among the cells. Uniform heat
generation will result automatically unless distribution
between cells is specified. HNonuniform heat genevation ls
obtained by specifying for each cell its percentage above

or below the average heal generation for the battery.
Convectlion heat tranazfer between babtery casgse and environment.
This input is based on abmospheric pressure. A zero-gravity
or zero-pressure Ilnput lg obtained through the FUNCT subroutine.

The computer primtout for this program includes, in addition to the input date,
the following:

AQ

Temperatures

e

2.
3.
b,
5

»

Heat

oW
@ o

L]

Heat

2.

Eight nodes Tor esch cell

Two nodes for cold plate under each cell

One node for each terminsl (2 per cell)

Cold plate inlet temperature

Cold plate tempersture gradient in "length" and "width”
directions (°F for each cell)

transfer rates

Cell bottom to battery case bottom (each cell)

Spacer to battery case bottom (each spacer)

Battery case gide to battery case bottom at each cell
Total heat from battery to cold plate.

generation rates
Each cell
Total battery



Summsry of Single Cell Thermal Analvsis Computer Program (AS 2747). The gingle
cell program is a microscople anslybical model. Tts function is to give fine

regolution of temperature gradlents within a cell, calculating dats of a type

that cannot be measured easily. This program will be useful in predicting the
effects of cell design changes, and in analyzing effects of non-unifomm

design or non-uniform heat generation. Physical dimensions and material
properties can be changed as veguired, and hest generstion can be varied within
the plates and from plate to plate.

Input data for this program are as follows:

A. Mission-time varying funcbtlions. This input is made with tables,

1. Enviroomental temperature., A single time-varying environ-
mental tempeyature is used for both radlation and convection
heat transfer between the cell and enviromment.

26 Cold-plate Lempersture. This tempersature 1ls assumed to be
igsothermal but time-varying.

3. Heat generated. Time varyving functions required for this
payrameter are currvent, cell aversge volbage, and effective

enthalpy volbage.

B. Constant-value input fupnetlions. Hommelly these inputs would not
be changed, but they are in "bsttery language" and can be changed
if desiyed.

Y. Ancde plate dimensions and thermsal properties

2. Cathode plate dimensions and thermal properties

3. Physical and thermal properties of electrolyte and
separators in X, ¥ and Z directions

L, Cell-case dimensions and thermal properties

5. Geometry and thermsl properties of spacers between cells

6. Geometry and thermal properties of adhesive on cell.

7. Heat generation. This is pormally unlform within the cell,
but it may be made non-uniform through the FUNCT subroutine.

8. Convection heat transfer with the environment. This heat
transfer ip based on atmospheric pressure. A zero-gravity
or zero-pressure condition may be gpecified through FUECT
gubroutine,



The priptout for this prograsm ilocludes the ilnput date and the following:
A. Temperatures.
L. "emperstures on plates, in groups of five plates
2. Temperatures on spacers
3o Tewmpersture of battery case side
B, Hest transfer rates

1. Cell bottom %o battery case bottom

2. Spacer to battery case bottom

3. Cell %o spacer

k. Battery case side to battery case bottonm
5. Total heat from cell to cold plate

C. Hest generation rates
1. Bech group of five plates
2. Total for the cell

Comparison with Experiments. Two laboratory tests were conducted on completed

batteries to compare temperatures with compubed predictions. “Worast case™
test conditions were chosen. The Tirst test was deaigned so that the heat
gtorage in the battery would be 2 major fsctor, and the second test was

designed =0 that the external heat exchange would have its greatest affect.

In the first fest an isothermel batitery attached to & cold plate was discharged
at sbout 30 amperes for 0.6 hours, then left insctive for & long period. In
the second test & bettery was cycled to simulate the design Gb-minute orbit
(about 18 amperes sharge, 29 amperes @igaharg@}@ Temperatures, voliage.

and current were resorded. The current and voliage values were used as inputs
for the analytical predictions. Analytical and experimental temperatures are
compared in Figures 20 and 30. The largest difference is 2°F, which is
consldered accepitsble. Both experimental error and anslyticsl insccuracy
contribute to this difference.

It is interesting to observe the difference in temperature glope between
analytical and experimental results for the flrst test after pover was stopped.
Part of this difference is atiributed to spontsneous chemical reactions.
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TEMPERATURE o

BASItS:
® EXPERIMENTAL BATTERY RUN C=1
® DISCHARGE 0.6 HOURS, THEN OPEN CIRCUIT

SO
. EXPERIMENTAL RUN,
THERMOCOUPLE No., 16
80”"' R
RO’
\
COMPUTER RUN, LOCATION
@ EQUIVALENT TO THERMOCOUPLE
/ No, 16
70
f ! i }
0 0.% 1,0 1.5

TIME FROM START OF DISCHARGE ~o HOURS

FIGURE 29
COMPARISON OF ANALYTICAL AND EXPERIMENTAL BATTERY
TEMPERATURES, CASE 1
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BASIS
® EXPERIMENTAL BATTERY RUN C-4

® 956 MINUTES CYCLE, 36 MINUTES DISCHARGE AT 29.6 AMPERES,
THEN 5& MINUTES CHARGE AT 15 TO 18,5 AMPERES,

TEMPERATURE — °F

@ COLD PLATE AT 68.5°F
50 | 1 T T T T T T T T Y T
B - COMPUTER RUN,
LOCATION EQUIVALENT
N TO THERMOCOUPLE -
80 e
o4
Q=" - EXPERIMENTAL RUN, -
THERMOCOUPLE NO. 16
70
T |
T ) ; I L | | ) i 1 | ] s
0 0.5 1.0 1.5
TIME FROM START OF DISCHARGE — HOURS

FIGURE 30

COMPARISON OF ANALYTICAL AND EXPERIMENTAL BATTERY

TEMPERATURES. CASE 2
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7. CALORIMETER DESIGN

REQUIREMENTS
& contract requirement is the design and fabrication of two calorimeters
for detailed measurement of internsl heat generstion in the batteries.

In addition, it is requived that two batterles be specially instrumented
for calorimeter tests.

WORK ACCOMPLISHED

Concept. The calorimeter concept adopted is shown in Figure 31. The
NASBA-furnished coldplate normally used in tests is replaced by a heat
exchanger designed for thermsl measurements, and the battery-calorimeter
assembly is insulated to minimize heat exchange with the enviromment.
Heat input to the fluild is determined by measurement of fluid flow rate,
and inlet and outlet temperstures. Heat stored 1ls measured by recording
battery temperature change with time. The heat generated is then the
sum of heat flow to the fluld plus hest stored in the battery and

calorimeter.

This approach to calorimetry was chosen for bthese reasons:
1. This method will determine heat generation rates effectively.

2. Temperature distribution in the battery during hest generation
tedting will be the same ss during other tests. Therefore,

battery chemistry should be the same.

3. Heat generation rates sre separated into realistic proportions
between heat stored and heat rejected, which is & necessary break=

down for designing thermsl control.

b, The calorimeter can serve as & cold plate prior to snd following
heat generation testing. Thus, heat generation tests can

be conducted without disrupting 1ife tests.
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Calorimeter Heatl Exchéﬁg@ra Battery heat is transported to the fluid

flowing in the heat exchanger. This heat flow is sensed as a tempersture
rigse in the fluid. Desipn objectives for the heasl exchanger were
1. The temperature difference bebween the battery and hest

heat exchanger should be as smsll as possible,
2. The heat exchanger should be nesrly isothermal, and

3. The heat exchenger should have low mass for fast response.

The design of the heat exchanger is necegsarily a compromise between
isothermal operstion and minimum trensfer of heat between inlet and outlet
flulds., Tsobthermal operation exposes the battery to a uniform-temperature
cold plate, a remlistic simulation of spasce-Tlight conditions. This
requires a heat exchanger with high conductance. However, high conductance
also results in unwvanted healt transfer bebween inlet and outlet fluids.
Buch heat transfer results in regenerative heating of the battery. The
adopted heat exchanger design produces s tempersture difference of 1.3°F

on the heat exchanger when the heating losd is the highest (9% minute orbit).

A photograph of the heat exchanger sppears in Flgure 32 , and s draving

of the design is given in Figure 3% . Hole aligmment of screws vwas assured
by drilling heat exchanger holes using the same template that was used in
drilling the bottom of the battery case. A flat mating surface was obtained

by resurfacing the heat exchanger alter soldering the tubing to the plate.
A thin film of zilicon gresse is used bebtween the heat exchanger and wmating
battery surface to aid heat transfer. It is recommended that this gresse

film be left on the heat exchanger when it is not in use to prevent corrosion.

Tempersture Difference Sensor. The critical meassurement in the calorimeter

is the temperaiture difference between the cooling fluld et the inlet and
outlet of the heat exchangers. Two btemperasture difference sensors were
tested and evsluated., The first was a copper-constant thermopile connected
to sense tempergture difference direcily. The asdvanteges of this thermopile
are that it is simple and 1ts output voltage will vary only ha1/2 percent
over the required 60°F to 90°F rahge@ The disadvantages are fragility and
low voltage ocutput.
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The second method of measuring tempersture difference i1s to use thermistors
and a balasnced bridge to linearize the output. The advantages of this
method are its high sensgitivity and its high voltage output. The disadvan=
tages are greater cost and complexity.

Both temperature difference sensors were tested in the laboratory. The

thermistor spprosch was selected, primarily because it will be easier to

use.

The thermistor peirs should be well balanced so that the calorimeter cen

be opersted at different temperstures with minimum error. Ocesnographic
Iso=Curve thermistors were selected. Good balance is achleved by combining
two thermistor elements to form each thermistor sssembly. The thermistors
are physically located in 1/b-inch nylon plumbing tees for connection to 1/h=

inch copper tubing on the calorimeter heat exchangers.

A schemstic of the sensing components 1s shown in Figure 34, The balsnced
bridge circuit uses the two sensing thermistors ("A" and "B") plus s
temperature mismatch compensating thermistor and the necessary padding
regsistors. This circuit is instelled in the charge-discharge controller

cabinet on a removable circult card.

Figure 3% shows the test sétup for calibration of tempersture difference
sensors. A consgtant pressure was maintained by & standpipe with an over-
flow. A c¢irculating pump drew water from & S5-gallon reservoir to keep

the standpipe overflowing. The walter from the standpipe ran through the
compensating thermistor — "C" tee, the "A'<leg thermistor tee, the immersion-
heater, the "B"-leg thermistor tee, and back to the reservoir. Water flow

was measured by catching the stream in a beaker mounted on a torsion balance,
and timing the accumulation of 2 Kg of water with a stop watch. Power to

the heater was controlled with & Veriee and measured with a wattmeter. The
thermister-bridge output wes messured with a Fluke model 801 digital voltmeter.

87



__‘%__ 2.710 V.
THERMISTOR |
C
o— | ( TEMPERATURS
BATTERY COMPENSATIN
TEST
o— %

5000L %

\

1K

< DA CNNO, 1
g 21.50.0N NO, 2

50 ON NO. 1
21.5 0ON NO, 2

C)THERM&STOR
g A

[

THERMISTOR

- @

5100

ELECTRICAL
SCHEMATIC

O G
OUTPUT SIGNAL
(VOLTMETER)

CALORIMETER

— HEAT i | A
EXCHANGER THERMISTOR MECHAN | CAL
B SCHEMATIC
THERMISTOR A
T THERMISTOR C l
WATER WATER
N ouT

SCHEMATIC OF CALORIMETER TEMPERATURE DIFFERENCE SENSOR

88



T "] CONSTANT

HEAD

STANDPI PE

(W Lu—__‘I'L_q
: - ISOLATION

i

SOLA
TRANSFORMER

VARIAC

pC=

TRANSFORMER
l IMMERSION
HEATER
“1“P{7 | — LVAVAVAVAVAVAYAVAY .| i
N | SRR —
Z‘ THERMISTOR
THERMISTOR A B
THERMISTOR C
OVERFLOW
I _J::::l_ -
T RESERVOIR TORSION
BALANCE
PUMP ]

FIGURE 35

TEST SET-UP FOR CALIBRATION OF CALORIMETER

TEMPERATURE DIFFERENCE SENSORS
89



The padding resistors were adjusted by trisl and error to minimize the
zero shift over the working temperature range, with no power to the heater.
Calibration was accomplished by epplying power to the heater in 10-watt
sbeps from O to 100 watts, recording the bridge output for each power
setting. Such runs vere made with water inlet temperstures of about

60°, T0°, 80°, and 90°F. Water flow was measured before and after each

run, with the meximum flow deviation being 0.6 percent.

Figure 36 gives typical calibration test data, and shows that the bridge
output varies linearly with power input. Bridge output slopes were
combined with flow rates to produce the sensitivity curves given in
Figure 37 . The maximum variation of the curves from any test point is

+ 1 percent.,

Calorimeter Insulated Box. Insulation ground the battery and heat

exchanger limits heat exchange with the environment to a minimum but
predictable amount. This insulation forms & rigid box which supports
the battery (Figure 38 )} The box is made in two halves with a sponge

gasket between halves.

Open-cell urethane Tosm was selected for the insulation on the basis of
compatibility with room smbient and vacuum conditions. Fibergless
laminste forms the luner and outer shells of the box. Flexible foam
insulation is used around cable connections. A drawing of the insulated

box is shown in Figure 39,

The rste of heat loss from the battery through the insulated box to the
ambient air was nmeasured during a calibration test with s dummy bsttery.
The dummy battery was identical in size to the test batteries, being a

test battery metal case containing simulated cells of wood and aluminum.
Rine resistence heaters distributed within the dummy battery simulasted
internally generated heat. Power and Iinstrumentstion cables penetrated

the insulated box to simulate the operating conditions. The heat exchanger
vas attached to the dummy battery, bubt it was not connected to water lines.
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Twenty=-four hours were gllowed for temperatures to reach equilibrium.
The overall thermal conductance was then calculated, and the results
ere shown in Pigure 40 . The approximate components of the thermsl
conductance are shown in Tablie 12,

Calorimeter Computer Program. A computer program was developed and
checked out for processing calorimeter test data. This program is
coded in FORTRAN IV for use on the SRU 1108 computer, and it is iden-
tified within The Boeing Company by the number AS 2602. A users msnual

(Reference 2) and test cases which fully describe the program have been
supplied to NASA.

Ma jor computer inputs are temperatures, flow rate, a voltage which is
proportional to fluid temperature difference, insulation correction
factors, and & fluid friction correction. This input format is made
identical with laboratory dats-taking format so that input cards may

be punched without transcription of the data. The output of the program

is heat generation versus time, separated into heat stored snd heat
transferred to the cooling fluid.
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TABLE 12
CALCULATED PARTITION OF CALORIMETER THERMAL CONDUCTANCE

SURFACE CONTRIBUTING FRACTION
Two vertical sides 0.54
‘Bottom 0.15
Top 0.15
Near End* 0.10
Far End 0.06
Total {.00

* The three cables are located at the near end.
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8. BATTERY CHARGE-DISCHARGE CONTROLLER

REQUIREMENTS

The Boeing Company is required to develop and provide four charge=-discharge
controllers for cycling the batteries. Two identical cabinets are to be
provided, with two controllers in each cabinet. The controllers are iden-
tical, except that one in each cabinet has & manually-ad justable load,
whereas the other hes a programmable load. The manuslly-adjustable load
must be variable up to at least TO amperes. The programmable load must
provide a minimum of 10 load levels on a single discharge cycle over a
current renge of 0.7 to 210 amperes, with individual "on time" ajdustable

from one second to two hours.

A veriety of direct reading and analog readout instruments are required.
Instruments requiring development are:
1. An smpere-hour meter with sunalog readout, reading up to
?GO ampere-Nours;

s, A watt-hour meter with snslog readout and reading up to
2500 watt-hours.

WORK ACCOMPLISHED

Two charge-discharge controller cabinets were designed, built and tested.
All components and functions performed satisfactorily, meeting or exceeding
all the requirements. Two controller instruction meanuels were also prepared
and delivered to MASA (References 3 and 6). These msnuals contain detailed
Information on components, calibration and adjustments, operating pro-

cedures, trouble shooting, and wiring.

General Description. Each 19«inch by T-foot controller cabinet contains two
independent charge-discharge controllers, one for battery A and the other
for battery B. The conirollers are identical, except that one has a

manually-ad justable resistance load, where as the other has a programmed
resisbtance load. A simplified functional dlasgram of the controller is

shown in Figure U41 . Photographs of the cebinet sppear in Figures 42 and 43,
and the front cabinet layout is shown in Figure bh, A block diagram and
schematic appear in Figures 45 and L6, respectively.
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FIGURE 42
DISCHARGE CONTROLLER FRONT VIEW
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FIGURE 43
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BATTERY CHARGE-DISCHARGE CONTROLLER BLOCK DIAGRAM
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BATTERY CHARGE-DISCHARGE CONTROLLER SCHEMATIC
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The front of the cabinet containg meters for monitoring battery operation,
timers for controlling the charge/discharge cycle, power supply controls
for setting the battery charge voltage and current, air filters, switches
and adjustments. The meters display battery charge and discharge current,
battery and cell voltages, battery pressure and temperature, ampere-hours,
and watt-hours. In addition to instrument displays, the cabinet provides

analog signals for recording the above dats.

The battery voltmeter has a low=voltage contact which is used to protect the
battery ageinst reverssl during discharge:; it also has a high voltage cone-
taet which lights a warning during inadvertent overcharge. The battery charge
current ammeter has a low-current contact which can be used to provide a

two-step charge control,.

A Dual-Trol timer controls the charge-discharge cycle for the manuualy
adjustable load, and & punched tape programmer controls the charge-discharge
cycle and load profile for the programmed load. Time delays are used to

control the stepping sequence of the punched tape programmer.

Ampere-=hour and watt-hour meters are provided for each controller. The
ampere~hour meter measures and integrates a voltage that is proportional to
current. The watt-hour meter uses a Hall multiplier to obtain a signal that
ig proportional to the product of voltage and current, and this signal is
then integrated to obliain wett=hours.

Three shunts are used in each controller, one to measure charge current,; the
second to measure discharge current, and the third to provide a signal for

the smpere-hour meter. The interconnection of the shunts is shown in Figure U1,
The three separate shunts are necessary for messurement accuracy, since there
is a large difference between the maximum charge current (20 amperes) and

the maximum discharge current (210 amperes).

The controller requires 110=-volt, 60-Hz a.c. power, 3=phase, 20 amperes per
phase, Phase "A" supplies power to one power supply, phase "B" supplies power
to the other power supply, and Phase "C" supplies power for the remaining
equipment including instrumentation and timers,
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The controller is designed for two-step charge control in which the
battery is charged initially at a constant current until a predetermined
limiting terminal voltage is reached. The battery charging current will
then decrease as a consequence of the inherent characteristic of the
battery. When the current decreases to a predetermined value the charging
voltage 1s caused to drop from its limiting value to some lower voltage

that corresponds to a trickle charge. The trickle charge continues until

discharge is commenced.

The experimenter is not constrained to use the two-step charge procedure
with the charge-digscharge controller. Simple dial settings will make the
two-gtep feature inoperative, allowing charging by other procedures. Typical
controller settings are gliven in Table 13.

Manually Adjustable Load. The manually adjustable load can be varied from
0.56 to 70.0 amperes, based on a B-volt battery voltage. A schematic of
this load is shown in Figure L47. Closing appropriate switches in the 9
through 13 group will provide a load current within 2.2 smperes of the

desired value. Closing switch 8 connects in a rheostat having a range of
0.56 to 2.8 amperes for fine adjustment of current. Table 14 shows the
combinations of switch positions that provide the various current values
based on a 28-volt d.c. source. Also shown are resistances for computing
discharge currents at other voltages.

Currents higher than 7O amperes can be obtained by changing the wire
attachment points on the spiral resistors. However, this will result in
gaps in the spectrum of attainable currents.

A load calibration switch is provided to permit checking the load resistance
prior to cycling a battery. This switch energizes the discharge relay to
permit testing the load with an external power supply or an ohmmeter.

Dual-Trol Recycling Timer. A recycling Dual-Trol timer controls the
charge-discharge cycle for the battery connected to the manual adjustable
load (Battery "A"). This timer consists of two individual timing mech-
anisms which sequentially pulse a latching relay. One timing mechanism

controls the charge duration, and the other controls the discharge duration.
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TABLE 13

TYPICAL CHARGE-DISCHARGE CONTROLLER SETTINGS

Charge Voltage, Max.

43.40 volts
(1.55 v/cell)

42,84 volts
(1.53 V/cell)

9k Minute 12 Hour ok Hour
Orbit Orbit Orbit
Charge Duration 58 minutes 10 hours 22 hours
Discharge Duration 36 minutes 2 hours 2 hours
Depth of Discharge 25 percent T5 percent 75 percent
Discharge Current 29.2 smperes 26,2 amperes 26.2 amperes
Aﬁé;;;é;méégéent, Max. 18.8 amperes 6.5 amperes 3.0‘§mperegmmw

2,8k volte
(1.53 V/cell)

2=Step Charge Current Trip 6.0 amperes 0.75 amperes 0.T5 emperes

2-8tep Trickle - o ) h

Charge Voltage 39.76 volts 39.62 volts 39.63 volts
(1.42 v/cell) (1.415 V/cell) (1.415 V/cell)

Low Discharge Voltage Set 29,0 volts 27.0 volts 22,0 volts #

High Charge Voltage Alarm | ¥7.0 volts 47.0 volts 47.0 volts

#* May be increased to 27.0 volts if large current pulses are sbsent.
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NOTE:

DISCHARGE RELAY

INDICATED CURRENT BASED ON 28 VOLTS

[ 3 [ 3 &
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r [ L [ ¢
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10 N 6.36 L. 1.59
56-2.8A 4.4 A 17.6 A
35,2A
2.2 A 8.8A 1*};;1‘1
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40 12.72 L1 3,18 Q. R15
1,59 £
FIGURE 47

MANUALLY ADJUSTABLE LOAD
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TABLE 14
SWITCH COMBINATIONS FOR MANUALLY ADJUSTABLE LOAD

SWITCHES CLOSED CURRENT RANGE - AMPERES*  RESISTANCE RANGE - OHMS
8 0.56 = 2.8 50,000 « 10.000
B9 2,71 = 5.0 10.332 = 5.600
8-10 L,96 - 7.2 5,645 « 3.889
8-9-10 7.16 = 9.k 3.911 - 2.979
8=11 9.36 - 11.6 2,991 - 2.h1l
8-9=-11 11.56 - 13.8 2.h22 - 2,029
8-10-11 13.76 = 16.0 2,035 = 1.750
8=G=10=11 15.96 = 18.2 1.75% « 1.538
B=12 18,16 - 20.k 1.542 = 1.373
B=Ge12 20.36 - 22,6 1.375 = 1.239
B=10-12 22,56 - 24.8 1.241 = 1.129
8-9-10-12 24,76 « 27,0 1.131 = 1,037
8-11-12 26.96 - 29,2 1.039 - 0.959
Begellel2 29.16 = 31.h 0.960 = 0.892
8=10=11=12 31.36 « 33.6 0.893 - 0.833
B=Ge10=11=12 33.56 = 35.8 0.834% - 0.782
8-13 35.76 = 38.0 0.783 = 0.737
8-9-13 37.96 = b0.2 0,738 = 0.697
8=10=13 40,16 - h2.h 0.697 = 0.660
8=0-10=13 42,36 = Lh.6 0.661 = 0.628
8-11-13 bh,56 - 46.8 0.628 = 0,598
8=9-11-13 46,76 = 49,0 0.599 = 0.571
8-10=11=13 48.96 - 51.2 0.5T2 = 0.547
Be9e10=11-13 51.16 = 53.b 0,547 = 0.524
8-12-13 5336 = 55.6 0.523 = 0,50k
8-9=12-13 55.56 = 57.8 0.504 = 0,48k
8=10=12=13 57.76 = 60.0 0.485 = 0,467
8=9-10-12-13 59.96 = 62,2 0.467 = 0.450
8=11-12=13 62,16 = 6,k 0.450 = 0,435
8-9-11-12-13 64.36 = 66.6 0.435 = 0.420
8-10e11=12-13 66.56 - 68.8 0.k21 - 0.ko7
8=8-10-11=12-13 68.76 = T1.0 0.40T7 = 0.39k4

# Based on 28 V d.c, power source
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The timer operation consists of closing & pair of contacts after a pre-set
delay. The cycle will always start with the operation of the discharge
timer. When the DISCHARGE START switch is turned on, this timer will start
its cycle. When its red pointer reaches zero, the timer closes a normally
open switch, which pulses one of the coils on the latching relsy, simul-
tanecusly switching the load contacts and starting the charge timer. When
the charger timer completes its time cycle, it pulses the other coil on

the latching relsy, and the timer returns back to its start position. This
sequence continues until the discharge-start switch is turned off. The

Dusl ~Trol timer is used only with the manual adjustable load.

The timer modules installed in the controller provide from three minutes to
3 hours discharge duration and from 30 minutes to 30 hours charge duration.
A spare one-hour timer which is interchangesble with the other timers
provides additional testing flexibility.

Programmed Load. The programmed load provides sny desired battery discharge

current between 0.7 and 210 amperes In 0.7 ampere increments based on &

28 volt battery. A schemastic of this loesd is shown in Figure L8. The

load values are achieved by closing load relays. A separate channel in

the punched tape programmer is assigned to each load relay. Table 15 shows
the hole punches that provide the 305 possible load values. Channels 1
through 9 of the punched tape programmer control relays which connect sppro-
priate load resistors to the load bus. Relays K15 through K18 in the punched
tape programmer control load resistors directly, and relays K25 through K29
indirectly control load resistors by means of relays K10 through Kil,

resgpectively.

The resistance values used in the programmed load were selected to produce
& binomial series expansion of sttainable current. However, resistors Ri

through R7 can be readjusted for higher current if so desired by changing

the lead attachment points on the resistors.
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NOTE: INDICATED CURRENT BASED ON 2& VOLTS

i % B o
L Kis aK17 Ki6 K15 K14 K13 K12 K11 ,K1O
/) / / /
R13 R9 R7 R6
.937540.] .93750
40 N 5 0 1.6 8L 1.6 937
.7 A 5,6 A 35A
4
f R3¢ R2< RT
L9375 5L
R12 RS
20 o 25 QL e
1,4 A 11,2 A
B -
89.6A
RM1 R8 R5 R4
10 (L 1.25 5L 1.255. 1.25 v
2.8 A 22,4 A 44,8A
FIGURE 48

PROGRAMMED LOAD
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TABLE 15
PUNCHED TAPE COMBINATIONS FOR PROGRAMMABLE LOADS

I% R Punch Channel i* . R Punch Channel I# R Punch Channel 1% R

Punch Channel
(arrs) (omisy 123656789 (amps) (M8) 123k 56780 {(aMps) {oms) 123456789 (amps) (omM8) 123456789
ko0 X 57.0h 1.boz Xix 114,71 | L2hA8 1K X X X708 1160 X XXX
1.4 j20.0 X 58.1 |.483 |X XX 11h.8 | .2u6 X X XH1171.5 | 1032 {X X X%XK
2.1 113.333/X X 8.8 .76 X XX 115.5 {.2k32 (X X X xil172.2 | 1626 X X%
2.8 110.0 X 59.5 |.A71 X X X1X 116.2 | 2415 XX X 2lvre.0 je162t Il x XXX
3.5 ] 8.0 X X 60.2 |.hG5 X XX 116.9 {2397 | X X X X X 1¥73.6 {.1615 XX XXX
b2 | 6.,666] %X 60.9 |60 X X Xix 147.6 | .238 X X XP{17h.3 {1607 [ X X K EXX
hoo | 5.72 XXX 61.6 |.h55 XX XX 18,3 | .237 |X X X X1]175.0 |.1600 X XX
5.6 | 5.0 X 62,3 .4k XXX Xix 119.0 | .2355 X X X Xii175.T |.159h | X X 1XX
6.3 | b3 X X 63,0 | bl X XX 1197 {232 lx X X X Xvr6.le 11567 X X XXX
T.0 | 4.0 X 63.7 |.4h0 jX X XX 120.4 | (2325 XX X 7.1 11883 1x x X LXX
T.7 | 3.6381% X 6h.b |, U35 X X XX 121.1 {2312 {X  X{X X {1 vi7.8 (.157h Xz XXX
8.4 | 3.333 Xix 65.1 {M30 [X X X XX 121.8 | .230 XXX X X{1178.5 | 1568 2 %% Xxx
9.1 | 3.078{x Xx|x 65.8 | 426 XX XX 122.5 | 2287 [ X X X|X X %11179.2 | 1562 XXX ZXX
9.8 | 2.857] X XX 66.5 |.B218 | X XX XX 123.2 | 2275 XX X{{179.9 | . 1558 | X X X|X XXX
0.5 | 266618 X XX 67.2 |.bi7 Xlx %X 123.9 | 2261 | X X X ¥11180.6 {.155 X |x¥x
1.2 1 2,500 X 67.9 |25 (X X XX XX 12,6 | 2245 X X||181.3 ].15u7 | X [xXX
11.9 | 2.3%31% X 68.6 | .ho8B X Xix 125.3 | .2233 | X ¥ X{|i82.0 | .15k % I XXX
12,6 1 2,220 X X 69.3 |.hok X X XX 126.0 | 2023 X I X{]18a.7 11533 (X % X lz2x
13.3 | 2.1081X X X 70.0 | 400 X X X 126.7 | .2216 | X X X %X}1183.k |.1526 ] ¥ XXX
th.0 | 2.0 ¥l X TOT 1.3965 | X X X} % 127.5 | 220 X X X{{iBh.t [Li521 X X! X XXX
1.7 11,9058 ¥ X Ti.4 ].3922 XX X| X 128.1 ] .21851% X X Xj|184,.8 |.1518 ¥Xl X jxxXx
15.4 | 1.8k XX X T2.1 1.388 (XXX X| X 128.8 | ,2175 XX ¥ ¥H}i8s.si.s103xxxl ¥ xXX
16,1 | 1.7k X x %l X 72.8 | .3847 X X X 129.5 | 2163 {X X X £ X{1186.2 |.150h XX |EXX
16.8 | 1.666 %X 73:5 1.391 X X x| X 130.2 | .215 X X %1186.9 | 199 1 X XX [XXX
7.5 1 1.60 {X XX The2 | 3777 X X X 130.9 | .2tk | X X X X1187.6 | .1495 X XX |XXXx
18.2 | 1.538] X |Xx % The9 {37 X X % X 131.6 | .213 X X X, x}|188.3 |. 187 jx ¥ x¥ |XXX
8.9 | t.hRlxx XX T5.6 | 3702 XX X X 132.3 | L2117 X X [X X X|]189.0 | .1k82 XXX |[Z8X
19.6 | 1.428 XXX 76.3 1.367 |Xx XX %X X 133.0 | .2109 XX X X1180.7 |.1h18 X XXX |xxX
20.3 § 1.38 (X X|XX T7.0 |.36h2 XXX X X 133.7 | 2097 | X X%|X X X||190.bk |.1h70 XX|XX XXX
21.0 | 1.332] ¥ xlx X TT.T 13608 | X X XX X X 13h.b | 2085 X K[1191.1 | hE6 XX XXX XXX
21,7 | TLE9 XX XXX 78.h 1.3575 XXl X 135.1 ] 2076 | X X X{[191.8 | . Hi60 XXXXx
2z L1258 X T9.% {354 |X XX X 135.8 | L2062 X X ¥l|192.5 | . thsh | ¥ Xx XX
23,1 | 1.2131% X 79.8 }.3515 XX 136.5 | 2053 | X X X %1193.2 | .1k50 % XXX
23.8 | 11751 X b4 80.5 | .3 X X% 137.2 | 204 X X %[1193.9 | ikb8 i x ¥ KZXX
oh,s | t.ihpiz X % 81,2 | .35 X XX 137.9 1 20321 X X X X||194.6 | . ikb £ PAD A 4 §
25.2 1 1.112 X X 8t.9 |.3k2 X X XX 138.6 | 202 XX X %{1195.3 |.1b3b | X X XX XX
25,9 | 1.081lyx X X 82.6 |.339 X XX 139.3 ] .2012 | X X X X X1196.0 | .143 XX LLXX
26.6 | 1.05Y] X X X 83.3 {336 [X X XX 140.0 | .200 X X X|]196.T7 | M2k i X X X XXX X
27.3 1 1.0271% % ¥ X 8L.0 |.333 XX XX 0.7 1 .1992 1 X X X X}1197.4 | . 1018 £ XxxZX
28,0 | 1,0 X X Bh,7 |.331 XXX XX il | 1982 XX X X{]198.1 | .ihth | X X XxxX
28,7 9861 % X X 85.4 | .328 X XX th2,1 ] .197 X% X X %}1198.8 | .1hot ¥ ¥ XXIX
29.h L9530 X X X 86,1 |.3252 | X X XX 142.8 | . 1961 XX %X 1199.5 |.thok |Xx X (2 ¥lxxx
30.1 J930|X X X X 86.8 .323 | ¥ X XX h3.5 ] 1952 [ X XX X X11200.2 | 1398 Xjx XXX
30.8 908 XX x 87.5 | .320 |X X |¥ XX thl,2 1,19k X XX X E 200,91 .1398 X XX %XXX
31.5 880l Zix X 88.2 | .3175 Xix XX thh,9 | .1932 | X X X[X  E{201.6 | 1390 XXX X¥XXX
32,2 A700 ¥ X2 X 88.9 |.318 |x XX XX 1hs5,6 | 192 X X X202,3].1387T/ XXX Xxx%
32.9 852K X XX X 89.6 | .3125 X 11463 | L1917 | X X X X}1203.0 {.1380 XEXXX
33.6 833 XX 90.3 |.310 | X X th7.0 1 L1905 X ) 4 X X{|203.T {1377 | X LTXXXX
3b.3 BT XX 61,0 |.308 X X th7e7 | L1898 | X X X X ¥|i2ok.b | .1370 X XXEXX
15.0 .80 b4 91,7 |+3053 | X X X148,k | . 1888 #HoX D XX1205.1 | L1367 (X X XZXXX
35.7 7841 X g2.h | 3035 X A1 1ho.11.1878 1% ¥ X X %{1205.8 | . 1360 X XX¥x1x
36.4 T i X 93.1 | 30091 X X % 11h9.8 | 487 X% X XX [206.5].135T ¥ X| XEXZX
371 551 X X 93.8 | .299 X ¥|]150.5 | .86z | X X X X X Xjleo7.2 1.1350 X% XXXEX
37.8 STha X X 95 |.2963 [ X X X 11512 | 1851 XX LX207.9|.138B | X X K] XXXXX
38.5 ST X X 5.2 | 204 % %1 151.9 | 184k | X XX X %] |208.6 | . 1341 XXXxxx
39.2 ST X X X 95,0 1.292 | X b X {152.6 | .1835] X (XX X X1{209.3 1.13391X XXXXXX
39.9 So3lx T X X G5.6 | 20 X ix ¥ 1153.31.1827T XX X X X %1]210.0 | .1332 X |[XXXXXX
ko.6 69 X X 97.3 {288 T X jX | 15h.0 | L1821 XX X EX[210.7T].1330(XX |[KXKXXIX
k1,3 ET8IX % X 98.0 | .286 XX X[ {i15h.7).18121 X XXX X X||2t1.b | 1326 LXXXXEIX
42,0 H661 XX X 98.7 1.2837 1% XX X[ 1155.4 | 180k XXX T Efj212.1].1320 X X|XX¥XZ%X
a7 B56IX XX b 4 99 | 2815 I XX K 156,11 1793 | X X XX X X 21{212.8 | .13¥7 I XXX XX
k3. b 646 Xz X 100.1 | 2797 | XL X XiX X} ]156.8 | 1789 £l ZX]213.5| 1312 XX XXX XXXX
Ly, 1 635(%X XX X 100.8 | .278 X EI1157.5 1 4718 | % b AD @ ¢
LY.8 625 % 1015 | 216 | X ‘X X |158.2 | V7T b 4 X X%
k5.5 b.51% X 102.2 | 27k X b 4 E[{158.9 | 1764 | X X X 2x
h6.2 607 X X 102.9 | 272 {X X X %1]959.6 | .17 X Xl Zy
46.9 598X X % 103.6 | .270% b AR ¢ X [160.3 | LiThT | X X Z xx
47.6 .588 X X toh.3 | .86821X X| X X 161.1 | L 1Th X% 2 2z
48,3 58 12 X X 105.0 | . 2665 LX X 11617 | i3 | X X2 X i x¥
49,0 572 XX X 105.7 | 2652 | X X ¥| X Xi|i62.b | 1728 ¥ % 2%
k9,7 WSBIL KX X 106.4 | .2635 XX K 1163.7 | 9797 | X X % xx
50.b 556 X X 107.1 | 2618 | X X X Xl 1163.8 | 971 X /2 ¥ 2%
51.1 .5h81% X b ¢ 107.8 | 560 ¥ 52X % |v6h.5 | a0k 2 X |2 2 XX
51.8 <51 ¥X X 108,5 |.2592 | X & |X X X||165.2 | 9693 % % zz
52.5 2533|X Xx |x 109.2 | .256 b 45 &b 4 X |165.9 | .1680(x Zlx ¥l 2x
53.2 525 X XX X 109.9 | 255 {X¥ XXX X | 166.6 | ,168 XYLX X XX
53.9 S520|X X XX |X 110.6 | .2535 L XXX X |167.3 ] t6Th X XXX X xx
54.6 513 XXX X $11.3 {2517 |2 X XX X %1 1168.0 | . 1665 X% XX
55.3 S5OTIX XXX (X 112.0 | .250 b 4 X {168, T | (1662 | X XE XX
56.0 .5 XXX X X t12.7 | .2183 | x X X{{169.4.| , 1652 XXX
56.7 dokx X xjx x |x 113.4 [ .27 X X X | 1701 | 1647 | X XXX

% Current Based on 28.0 Volts 112



Punched Tepe Programmer. ‘The punched tape progremmer is used with the

programmed loads for battery "B"., It performs five functions:
1. BSelects resistor loads for battery discharge.
2. Belects timers for the loads.
3. Provides one-second time intervals.
L, Switches the battery from discharge to charge and visa versa.

5. Resets the ampere-hour and watt-hour meters.

The punched tape programmer has 22 channels. Each channel has a brush which
completes & circuit through a hole in the tape (Figure 49 ). These brushes
achieve a "meke before break" switch closure even though there is a

smell strip of paper in the tape bétween successive holes for a given
channel. A switch closure is thus sustailned for as long as the tape is
punched in its channel.

The punched tape is advanced by a stepping drive which can also provide
fast-advance. The fast-advence rete is one line per second, snd it is
inhibited by channel 22. When chennel 22 is not punched the tape will
advance at the rate of one line per second until the channel-22 brush falls
on & punched hole. Load durations of longer than one second are obtained
by using channels 19 and 20, which asctivate delay timer 1 and delay timer 2,

respectively.

Seven of the 22 channels are not assigned charge-discharge control functions.
These may be used by NASA for controlling other events, such as start of
recording instruments prior to scheduled load changes, and subsequent stopping
of such recorders,

Delay Timer. The delay timers are used in conjunction with the punched tape
programmer to establish the longer time duration intervals for both discharge
and charge. These timers feature an external clutch with automstic reset,
which allows the complete timing/switching movement of the timer to reset in
less than 0.2 second. Delay timer 1 can be set anywhere between 15 seconds
end 15 minutes, and delay timer 2 can be set from 30 seconds to 30 ainutes.
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Charging Power Supply. The charging power supply provides constant-current

or constant-voltage regulations with automatic crossover. The constante-
current and constant-voltage levels can be independently adjusted from zero

to 20 amperes and 50 volts. Some of the operating characteristics of this

unit are:
Regulation + 0.01% + 2 mV line; + 0.03% + 6 mV load
Ripple 500 microvolts RMS or 0.002%, whichever is greater
Stability 0.01% + 1 mV for 8 hours after warmup

The output voltage regulation of the power supply wes measured with line
voltage and putput current being varied. Results, presented in Table 16
show that output voltage changed only 75 millivolts over the full output
current range, whereas line voltage varistion had a negligible effect on
output voltasge. Output ripple was also checked, and found to be 1.80
millivolts BMS at an output of b5 voits.

Relay Power Supply. The relay power supply provides unregulated d.c. to

the instrumentation and control components of the two controllers in one
cabinet. Unregulated 24-28 V.d.c. is provided to relays, counters, panel
lights, voltage regulstors for the pressure transducers, and to voltage.

regulators for the ampere&hour/wak%«ﬁour meter reset cireults.

Voltage Instrumentation. Individual cell voltages are displayed on a O to

2 volt meter, utilizing two 2-deck wafer swlitches for selechbive monitoring
of the 28 ceils in a battery. Voltsge Jjacks are provided on the csbinet to
permit precise voltasge monitoring with an external digital voltmeter. The
analog ocutput in the back of the cabinet permits simultaneous monitoring
of all 28 cells of each battery.

The battery low and high veltage cutoff is obtained with a contactless meter-
relay having five elements: (1) a d'Arsonval + 1% accuracy meter, (2) a
light source that provides a uniform light fleld, (3) a2 photoconductive

cell, (4) a mechenism for positioning the cell with respect to the indicating
pointer, and (5) & vane, attached to the moving element, which moves between
the light and the cell to change the amount of light reaching the cell.
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In operation, the light from a smell lamp enters g V-shaped prism mounted
to a bracket on the meter mechanism. As the indicating pointer approaches
the set point, the vane swings between the prism and the photo-conducting
cell, cutting off the light and causing the resgistance of the cell to
increasse sharply. The cell 1s one arm of an a.c¢. bridge in the opticsl
meter relay. The connections are such that as the resigtance of the cell
increases, the bridge output reverses phase and an SCR 18 turned off, When
the SCR stops conducting, e load relay in series with the SCR drops out

and control sction is initisted.

Current Messurements. Discharge current for the manual adjustable losd ("A"
side) iz messured with a ?5&/50mv shunt, and the discherge current For the
programmed load ("B" side) is measured with a 150A4/50MV shunt. The charge
current in each case 1z messured with a 2@&/50 w¥ shunt.

The charge-current instrument is & contactless meter-relay of the same type
as the battery voliasge meter. The relay Tsature of the meteyr is used in
two-gtep charge control.

Tempersture Messurement. DBattery temperature is measured by copper-constantan
thermocouples. Thermocouple locations are shown in Figure 21 . Temperatures
for individual thermocouples are displayed on a Febrenhelt-Uentigrade meter,
using s Z-deck wafer swiltch for selection. The meter draws a slight eurvent,
which is compensated for in the meter design. An ansiog output is provided

s0 that every thermocouple can be read simultanecusly with auxiliery
ingtruments.

Pressure Measurement. Figure 80 15 & schematic of the pressure measurement
cireuit. The input for the pressure transducer circuit is T volts regulated
d.c. This voltage is cobtained from a T-volt regulator in the operational
amplifier chassis. Each transducer has ite own T-volt regulator for
isoletion.

The ocutput of the trensducer is displaved on a iivoltmeter with a 20-
microampere full-scale movement, but callbrated to record 0 to 25 psia@ The
meter sensitivity is 2 mv/psia. The celibration dsts for pressure measure-
ment is given in Reference 6 .
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Ampere-Hour Meter. The smpere-hour meter consists of an operational amplie

fier, capacitor, resistor, voltmeter and current shunt. The operational
amplifier integrates & voltage proportional to current; using the voltage
developed across the current shunt. The theoretical ocutput of the amplifier
is

= 1 E, t (25)
RG in

Eout

where R is in ohms, C is in farads, and t is the time in seconds. The
design velue of R is 2.4 megohms and of C is 10 microfarads. A trim pot
in series with R provides a fine adjustment because the value of C will

not be exactly the design value of 10 microfarads.

In order to minimize the error the capacitor must have a high insulstion
resistance, and the amplifier must have low offset current and voltage.
The amplifier has a built-in balance adjustment which reduces the error

caused by offset current and voltage.

Battery cycling willl normally start with a discharge. The ampere-<hour

meter will initially read 70 A-H. As the battery is discharged the ampere-
hour indication will decrease until the charge cycle begins, at which time
the ampere=hour reading will start to incresse. It will continue to increase
until the start of the next discharge cycle, whereupon the ampere-hour meter
will reset to 7O A-H. The reset voltasge, which is T volts, is supplied by
the relay power supply.

The input power for the operational amplifier is supplied by a +15, =15-volt
regulated power supply. Each amplifier has a separate power supply to achieve
isolation. The output of the amplifier is 1 volt per 10 ampere hours, with

a range of O to +10 Vdc. An snalog O=-to-10 volt signal is provided in
addition to the meter display. A schematic of the ampere-hour meter is

shown in Figure 51,

Figure 52 shows results of calibration tests on the ampere-hour meter.

The maximum error 1s seen to be well within one percent.
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Watt-Hour Meter. The watt-hour meter consists of a Hall-effect multiplier,

operational emplifier, capacitor, resistors, end voltmeter. The Hall-effect

multiplier produces an output proportional to the product of battery voltage
and current.

The battery voltage input to the Hell-effect multiplier has a 180-ohm
resistor which limits input current to 250 milliasmperes at maximum battery
voltage of 50 volts. The current input comes directly from a shunt.

The output of the Hall-effect multiplier is approximately 27 mV per watt.
This voltage is fed to the’operational smplifier where it is integrated
with time to produce s signal proportional to watt-hours. The output of
the operational amplifier is displayed on a voltmeter which is calibrated
to read 250 watt-hours per volt. An analog output is also provided in
addition to the meter display.

A schemstic of the watt-hour meter is shown in Figure 53 . The results of

calibration tests (Figure 54 ) show that the maximum error is well within
one percent.
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9.0 CONCLUSIONS

Batteries, charge-discharge controlilers, calorimeters, and required
accessories vere designed, bulllt, calibrated and delivered in sccordance
with contract reguirements. ALl critical components were tested to verify

that they met performance requivements,

It is sppropriste to note development concepts which have been suggested
during this program, but which were outside the scope of the contracted
work. The most practical of these concepits are:

1. Ampere-hour and watb-hour meters. Ho suitsble integrating meters
could be found when this program wss started. The integrating
principle developed in the course of this program worked so well
that it would seem asppropriste for an instrment-making organization
to use this principle in producing s useful line of inbtegrating
instruments. Such insbruments could use new economical integrated-
circuit operstional amplifiers that could possibly be maede to

function without suxiliary sources of power.

2. Coulometer charge control. The integrating principle could be
developed into s precise charge control for spacecraft batteries.
Compensation for temperature effects within the conbtrol as well

as within the battery require caveful dsvelopment.
¥

3. Calorimetry. The use of compensated thermisters produced a
calorimeter of unprecedented accuracy. This work wmust certainly

have application to other cslorimetry problems.

L, Load programming. The flexibility of a punched-tape programmer
supplemented by delay timers does not sppear to be generelly
recognized. Further design exploretion of the punched-tape
programmer concept could produce a batiery tester with unusual

flexibility and self-adspting features.
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i1 APPENDIX

ADVANCED BATTERY ENERGY STORAGE SYSTEM

STATEMENT OF WORK

1.0 INTRODUCTION

This program 1s to develo? a silver-cadumiun secondary battery energy

2.0

storage system to meet power requirements of mesnned earth orbital

missions of up to one year duration.

DESCRIPTION OF TASKS

2.1

2.2

E.h

The conbtractor shall provide a total of eight (8) silver-cadmiuwm
batteries of more than 70 ampere-hours cspacity each.

The contractor shall develop and provide a battery charge/
discharge controller capable of independently cycling
batteries over the range of teab conditions in Sectlion 3.1.3.
The controller is not to be flight havdware, but the basic
design and approach should be applicable to a flight sysbem.
The method of eh&rg&/@ischarge conbrol of the hattery shall
be proposed by the camﬁractar according to the requirements
imposed by the proposed battery design. The method selected
ghall meet the fuﬁaﬁimnali3p&cificatiamﬁ set forth in the

gtatenment of work.

The contractor shall perform a debsiled thermal analysis of the
battery to include both analyticel and experimental considerations
to accurately predict heat generation under s wide range of

operating modes.

The contractor shall elso provide calorimeter{(s) to use in con-
Junetion with two of the above batteries (sec. 2.1) which have
been especially instrumented, to perform detailed memsgurements

of internal heat generation.,



3.0 BATTERY SPECIFICATIONS
3+1 Electrical

3.1.1 Cell size at C/2 rate of discharge to an end voltage of
0.6 volts shall be greater than 70 ampere-hours (wiﬁh
battery operating tempersture Letween 60=00°F).

3.1.2 Battery voltage at the end of 75% depth of discharge of C/2
rate shall be greater than 28.0 volts with battery operating
temperature between 60-90°F. This consitutes the definition
of battery failure point.

3.1.3 The battery shall be capsble of operstion under the following
vange of test conditions with progreammed and fixed
loads:

(a) The battery shall have a design life goal of 5500
charge/discharge cycles at 25 percent depth of dis-
charge with s 58 minute charge, 36 minute discharge
sycle,

(b} The battery chell have & design life gosl of 200
éhargé/disﬁhﬁrg% cycles at 75 percent depth of dis-
charge with & 10 hour charge, 2 hour discharge.

(¢) The batbery shall have & design life goal of at least
100 charge/discharge cycles at up to 75 percent depth
of discharge on a 24 hour cycle {22 hour charge, 2 hour
discharge) with e widely varying load to include
maximm duration pesks of 10 seconds st the 3C rate.

At no time during the sbove testing should the steady state

(<1 sec. peak) battery voltage fall below 25 volts..

3.2 Physical
3421 Battery shall operste in the pressure range of 1Om6 mm Hg
to 760 mm hg, and smblent temperature vange of 0-160°F
when mounted on coldplating with tempersture range of
60-90°F .

128



3.3

Je2.2

Two of the eight batieries shnll be instrumented for teme
perature as outlined in the Section 3.3.6. The remaining

& batteries shall sach have internsl temperabure sensors as
follows: Internsl temperstures shall be messured by copper
congtantan thermocouples at not less than six points in each
battery. At lesst two cells shall have thermocouples
mounted top and bobbom. The primary aim of this

requirement is to aceureately determine thermal gradients

3:2.3 Internal batitery pressure ghall be messured in all eight
batteries by a2 strain gage or reluctance pressure trans-
ducer. D.C. or 400 c.p.s. excitation and readout for
thig%m%madnﬁgr’ﬂzé, ontractor in

3.2.4 cell voltege monitoring
capability.

3:2:5 FPower leads oub through a connector. A
mating connector she alss be provided by the conbractor,

3.2,6 All voltage, temper e, and preggure messurement leads
shall be brought out through & connector(s). Mating
connector(s) shall also be provided by the contracior.
Welght of sensors and leads shall not be considered in
sectlon 3.8.7.

3.2.7 Battery design welght goal shall be less than 85 pounds.
However, battery weilght should be minimlized consistent
with mesbing the performance specifications.

3.2.8 Battery is not to be a flight probotype, but battery design
must conslder flight conditions.

Thermal

3e3e.1 An analysis of thermal characteristics of the battery shall

be made by the contractor. The primery purposes of this
analysis sre (1) to determine the heat genersted within the
battery, both totel smount and rate with respect to position
in duty eyele; and (2) to establish, with the ald of an
existing compuber thersmsl analyzer program,; the cspabllity
for predicting the hest genersted over a range of operating

conditions.
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3.3 Thermal {contd)

Battery internsl heat ssnevetlon messurements are needed

to debtermine the the ing imposed on the space-
craft’s thermal control system over en entire mission
duration. The ability to predict the amount of heat
evolved by the batbtery will be especially useful in
congideration of variocus mission applications of Ag-Cd
secondary batteries,

3e3e2 The contractor must evolve an anslybical method of
determining transient and sbeady state internal heat
generation in conjunction with experimentsl measurements
obtained on a prototype of the proposed batbery. The

derivation of & quantitat

?y««*

ive relationship for hest

evolved by the bettery ss a functlon of current density

and other necessary paramebers musgt be made giving due

regard to the silker elecirode potential st various stages
of charge and discherge, This method will produce lnput

dats for the thermal anslyzer compuier program in
section 3.3.1.

3.3.3 The contracbor shall also generste a thermal model, or
network, of the batteries to be used in the thermal
analyzer compuber program. This model is 1o be evolved
with the ald of messurements made on the protobype
battery by the conbractor. The date ghall include
detalled batlbery meterials propertles snd thelr wvariabtion
with temperuture, tempersbure gradieubs, electrical char-
acteriastics, and other informstion necessary to generate
the thermal model.

3¢3.4 In conjunction with the information generated in Seection
3e302 8nd 3.3.3, the contractor shall perform necessary
modifications on an exlsbing thermal anslyzer computer
program, The result of thesge modifications will be &
computer program vhich will sccurately predict temperatures
and heat evolubion of the batbery. The conbractor shsll

make use of HASA MBC computer facilities.
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3e3el

3.3.6

3637

36348

Before deiivery of the batieries the contractor shall
substantiate ewperimentslly the prediction capability of

the overall computer program for battery thermal chare
acteristics and heat generation. This shall be done for

two or more test csses such that the program is checked

out over the range of its capability.

Of the eight batteries Lo be delivered, two batteries

ghall be instrumented such that detailed calorimetric
measurements way be wmade at MSC.

The contractor shall provide the means - calorimeter(s) -

by which the heat generation rates of the above two batterles
are measured.

A detailed computer program user’s menual will be

provided by the contractor. The program(s) developed

under this contract ghall he programmed using Forbran IV
language, with complete sbsence of assembly-langusge routines
other than those available on the MSC system. The program(s)
should not hasve on-line card read, on-line printout, or
senswitch optlons. They shall be accompenied by all

source decks and listings, a set of test ceses (data decks),
a8 set of printout from test cases, complete explanation of
input options, and flow charts and equations used. The
program{ 5) shall be compiled and executed on the MSC

computer configurations, with test cases supplied or approved

by the cognizant MSC engineers.

4,0 BATTERY CBARGE/DISCHARGE CONTROLLER (BCDC) FUNCTIONAL SPECIFICATIONS

ka

Electrical

L.

The contractor sghell provide suitable, well-filtered IC
power supplles for all system DC power. Bach supply shall
be mounted at the bottom of the equipment cebinet. ALl

intercomnection wiring shall be done by the contractor.
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b.1.2

4.1.3

)'".l.l"

b.1.5

b,1.6

bo1.7

The electrical input to the power supplies and other
electrical power requirements for the controllers shall
be, if practical, 115 VAC, 60 cycle, single phase.

The discharge capability of the controller loads is

specified in Sections L., 4.2 and L.L,3,

The following insbrumentation will be provided by the

contractor:

(2) Built in ampere-hour and watb-hour meters. The
amp-hour meber shell bave & capscity of 100 anmp-
hours. The wati-hour meter shall heve the capscity
of 2500 watt-hours. Both meters shall have an
aceuracy of * 1%. These meters shall sutomatically
reset at the end of esch cycle, or charge and
discharge mode.

(b) Current meter.

(¢) Battery voltage meter with an adjustable photo-
sensitive low volbtsge cub-off for shubting off the
controller 1f the battery voltage drops below an
acoepbabie level,

(d) Voltage sensing for each cell.

(e} Pressure readout.

(£) Temperature meter calibrated in °F with a multi-
position awitch to meseure the temperalure at all
points specified in Section 3.2.2. If desired, the
conbractor may supply only one meter for each
controller cabinet.

Anslog readout signals from each of the items in Section
L,1.4 shall be provided to a sultable terminal strip for
each controller,

The contractor shall provide necegsary pressure
measuraenent capabilities as outlined in Section 3.2.3.
The Battery Charge/Discharge Controller design shall have
current sensing loglc eircultry which monitors the value
of the decreasing charging current and at gome low preset
velue, gwiitches the previously set charge voliasge to &
lower velue near the open circult voltage of the battery,
thus preventing overcharge.
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L.2 Controller Physical Specifications

4.3

h.a.l

h,2.2

!"'0203

h‘.e.h

)4--205

}+.2.6

,'4-.207

L.2.8

The contractor shell provide four controllers capable of

independently testing four batteries. Two controllers each
shall be placed in two cabinets.

Separate, independent loads shall be provided for each
controller. The loads shall be provided for each

cabinet ag follows: 8 single adjusteble load and a
programmed load.

BCDC shall operate in amblent conditions of 5 to 15 psia
pressure and 60 to 90°F temperature.

BCDC shall be & high efficlency device utilizing bread-
board type construction {not flight hardware) and flight
type components.

BCDC is to be capable of being mounted in s standard 19
inch electrical equipment rack.

A suitable terminal strip shall be provided for connection
of input power, battery, control signal, and load resistance.
Meters, indicators, and conbtrols shall be mounted on a
front panel. The meters shall be %]l percent ammeter for
charge and discharge current, Il percent voltmeter for
battery voltage, and & 1% for the temperature and pressure
meters.

The contractor shall provide a resettsble cycle counter for
total charge/discharge cycles.

Charge/discharge Timer Specifications

L“o3n1

b.3.2

One timer and one punched-tape programmer shall be
provided for each controller cabinet.

For competibility with aveileble equipment, "Dual-Trol"
model timers shall be used for the adjustable loads. These

timers are made by the Industrisl Timer Corporation. These
timers are of the recycle type and have two settable dials.
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4.3.3 Each cabinet shall be provided with a timer that shall
have one dial with & range of zero to 30 hours labeled
"Charge" and one dial with a range of zero to 3 hours
labeled "discharge".

4.3.4 The punched tape progreammer shall control the programmable
load.

4.l Discharge Load Specifications

L.kl Two independent loads shall be provided for each
controller cabinet as specified in Section h.2.2.

k4.2 The single, adjustable loed shall have a minimum current
capability of C; i.e., at least TO amps.

Lk,4,3 The programmed load shall have current capebilities variable
from C/100 to 3C with a minimum of 10 load levels over a
single discharge cycle. Individual loed level "on time"
ghall be adjustable from & one-second minimum to a 2-hour
maximume.

4 4.t Necessary blowers, etc. for cooling the losdds and
controllers shall be provided by the contractor.

4.5 Bouipment Cabinet Specifications

4,5.1 A standard electrical equipment cebinet with 19 inch
wide panel mounting provision shall be used.

4,5.,2 The cabinet shall have removable side panels and a
removable rear door,

k,5.3 The cabinet shall be on swivel composition wheels of no
legs than 3 inches in diameter,



